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ABSTR4CT 

An attempt was made to demonstrate the feasibility of anall-magnetic- 
logic system consisting of thin ferromagnetic films interconnected by pas- 
sive thin-film coupling structures. A theoretical analysis of the dynamic 
behavior of two coupled magnetic-film elements is presented which tends to 
support the feasibility of the system, but only if extremely good coherent 
rotation of magnetization can be obtained, and if driving conditions can 
be very carefully controlled. Equipment was designed and constructed for 
the purpose of fabricating multi-layer evaporated structures of the desired 
type. A novel feature of this apparatus is a means for measuring film 
thicknesses that employs several photocells located inside the vacuum 
chamber, Numerous multi-layer devices with two magnetic elements were then 
produced. High-speed pulse measurements of several types were carried out 
to determine the properties of the magnetic films and coupling circuitry. 
Flux transfer between two elements was investigated with interesting but 
inconclusive results. However, the difficulty in producing magnetic films 
of the desired high quality, the need for precise control of drivers, and 
the probable difficulty in providing logical fan-out, make this approach 
appear less attractive than some of the competing high speed logic schemes. 
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I INTRODUCTION 

D u r i n g  t h e  l a s t  s e v e r a l  y e a r s ,  t h e  p r o p e r t i e s  of  t h i n  f e r r o m a g n e t i c  

f i l m s  h a v e  become t h e  s u b j e c t  of  c o n s i d e r a b l e  s c i e n t i f i c  a t t e n t i o n .  From 

a t h e o r e t i c a l  s t a n d p o i n t  t h i n  f i l m s  o f f e r  a u n i q u e  o p p o r t u n i t y  t o  s t u d y  

c e r t a i n  a s p e c t s  o f  m a g n e t i c  b e h a v i o r  u n d e r  r e l a t i v e l y  i d e a l i z e d  c o n d i t i o n s .  

F o r  example ,  f i l m s  c a n  be p r e p a r e d  t h a t  c o n s i s t  o f  a s i n g l e  m a g n e t i c  do-  

main so  t h a t  measurements  c a n  b e  s e c u r e d  w i t h o u t  t h e  c o m p l i c a t i o n  of 
domain -wa l l  m o t i o n s .  A l t e r n a t i v e l y ,  i n t e r e s t i n g  s p e c i a l  t y p e s  o f  domain 

s t r u c t u r e  may b e  p roduced  and  o b s e r v e d  w i t h  r e l a t i v e  e a s e  u n d e r  s t a t i c o r  

dynamic c o n d i t i o n s .  G e n e r a l l y  s p e a k i n g ,  t h e  e f f e c t s  o f  v a r i o u s  s t r u c t u r a l  

a n i s o t r o p i e s ,  s t a i n s  e t c .  a r e  more e a s i l y  s t u d i e d  and  u n d e r s t o o d  i n  t h i n -  

f i l m  s p e c i m e n s  where  domain c o n f i g u r a t i o n s  a r e  e s s e n t i a l l y  t w o - d i m e n s i o n a l .  

P e r s i s t e n t  e x p e r i m e n t a l  and t h e o r e t i c a l  work i n  s u c h  a r e a s  by a . n u m b e r  of 

d i f f e r e n t  l a b o r a t o r i e s  h a s  c o n t r i b u t e d  a g r e a t  d e a l  t o  b a s i c  knowledge o f  

m a g n e t i c  p r o c e s s e s .  P r a c t i c a l  consequences  o f  t h i s  work h a v e  been  t h e  i n -  
v e n t i o n  o f  s e v e r a l  new m a g n e t i c  d e v i c e s  w i t h  i n t e r e s t i n g  a p p l i c a t i o n s  i n  

t h e  d i g i t a l  compute r  f i e l d .  

From a d e v i c e  s t a n d p o i n t  t h e  p o s s i b i l i t y  o f  u s i n g  s i n g l e - d o m a i n  

f e r r o m a g n e t i c  f i l m s  w i t h  u n i a x i a l  a n i s o t r o p y  h a s  p roved  p a r t i c u l a r l y  i n -  

t r i g u i n g .  

v a p o r - d e p o s i t i o n  i n  a homogeneous magnet ic  f i e l d .  T y p i c a l  f i l m  spec imens  

p r e p a r e d  i n  t h i s  manner showed two s t a b l e  s t a t e s  w i t h  o p p o s i t e l y  o r i e n t e d  

r emanen t  m a g n e t i z a t i o n .  F u r t h e r m o r e ,  s w i t c h i n g  be tween t h e  two s t a t e s  

c o u l d  b e  a c c o m p l i s h e d  by c o h e r e n t  r o t a t i o n  o f  t h e  m a g n e t i z a t i o n  d i r e c t i o n  

r a t h e r  t h a n  by domain -wa l l  mo t ion .  These p r o p e r t i e s  p r o v i d e d  t h e  a b i l i t y  

t o  s t o r e  b i n a r y  i n f o r m a t i o n  and  t o  s w i t c h  v e r y  r a p i d l y  be tween s t a t e s .  

The l a t t e r  h i g h  s w i t c h i n g  s p e e d s  were e x p e c t e d  ( a n d  f o u n d )  b e c a u s e  t h e  
s w i t c h i n g  p r o c e s s  i n v o l v e d  no domain-wal l  p r o p a g a t i o n  and  no e d d y - c u r r e n t  

damping o f  any  s i g n i f i c a n c e . "  S u b s e q u e n t l y ,  u s e  of  t h i n  p e r m a l l o y  f i l m  

p a t c h e s  f o r  h i g h - s p e e d  memory e l e m e n t s  i n  compute r s  was s u c c e s s f u l l y  a t -  

t empted  by S m i t h  and R a f f e l  and  is now a r e l a t i v e l y  s t a n d a r d  t e c h n i q u e .  

T h e s e  f i l m s ,  f i r s t  s t u d i e d  by B l o i s , '  c a n  be p roduced  by vacuum 

About t h r e e  y e a r s  ago w e  became i n t e r e s t e d  i n  t h e  p o s s i b i l i t y  o f  

u s i n g  t h i n  p e r m a l l o y  f i l m s  i n  m a g n e t i c  l o g i c  s y s t e m s .  S e v e r a l  p l a u s i b l e  

1 



schemes  were p roposed  a t  a b o u t  t h i s  t ime (by  E n g e l b a r t , 6  P r ~ e b s t e r , ~  Lo,* 

and p o s s i b l y  o t h e r s )  t o  make u s e  of c o h e r e n t  r o t a t i o n  o f  m a g n e t i z a t i o n  

f o r  l o g i c a l  m a n i p u l a t i o n s  and s t o r a g e  i n  ne tworks  o f  c o u p l e d  t h i n - f i l m  

e l e m e n t s .  The e x p e c t e d  a d v a n t a g e s  t o  be o b t a i n e d  o v e r  s i m i l a r  a l l -  

m a g n e t i c  l o g i c  ne tworks  u s i n g  f e r r i t e  e l e m e n t s  were: much h i g h e r  s p e e d  

a n d  b e t t e r  t e m p e r a t u r e  immunity.  Under s p o n s o r s h i p  of  t h e  A i r  F o r c e  w e  

made a p r e l i m i n a r y  e x p e r i m e n t a l  and t h e o r e t i c a l  s t u d y  of t h e  f e a s i b i l i t y  

o f  t h i n - f i l m  l o g i c  d e v i c e s  employing  t h e  g u i d e d  f a l l - b a c k  mode o f  i n f o r -  

m a t i o n  t r a n s f e r . O  T h i s  s t u d y  i n c l u d e d  a ser ies  o f  low-speed  p u l s e  meas- 
u r e m e n t s  on t h i n  p e r m a l l o y  f i l m  samples  which  p r o v i d e d  t h e  q u a n t i t a t i v e  

d a t a  n e c e s s a r y  t o  d e v e l o p  a r a t h e r  e x t e n s i v e  t h e o r e t i c a l  a n a l y s i s  o f  t h e  

p r o p o s e d  f l u x - t r a n s f e r  mechanism and i t s  a s s o c i a t e d  c o u p l i n g  s t r u c t u r e s .  

From t h i s  work w e  c o n c l u d e d  t h a t  t h e  a n a l y z e d  l o g i c  s y s t e m  s h o u l d  have  a 

good chance  o f  p r a c t i c a l  i m p l e m e n t a t i o n .  No a c t u a l  l o g i c  d e v i c e s  were 

c o n s t r u c t e d ,  however ,  b e c a u s e  o f  t h e  l a c k  of  equ ipmen t  t o  p roduce  t h e  

m u l t i - l a y e r  e v a p o r a t e d  c o u p l i n g  s t r u c t u r e s  r e q u i r e d .  

I n  August  o f  1960  J e t  P r o p u l s i o n  L a b o r a t o r i e s  p r o v i d e d  u s  w i t h  t h e  

n e c e s s a r y  s u p p o r t  t o  c o n t i n u e  t h i n - f i l m - l o g i c  i n v e s t i g a t i o n s  w i t h  r e a l -  

i s t i c  d e v i c e  c o n f i g u r a t i o n s .  
m a j o r  e f f o r t  toward  r e a l i z i n g  t h e  b a s i c  sys t em r e q u i r e m e n t  o f  l o s s l e s s  

p o s i t i v e  t r a n s f e r  o f  i n f o r m a t i o n  between two t h i n - f i l m  e l e m e n t s .  

It was a g r e e d  t h a t  w e  would d i r e c t  t h e  

~~ ~ 

* Personal communication. 
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I1 PROGRAM DESCRIPTION 

The p r i n c i p a l  o b j e c t i v e  o f  t h i s  r e s e a r c h  program was t o  i n v e s t i g a t e  t h e  
p r a c t i c a l  f e a s i b i l i t y  o f  m a g n e t i c  l o g i c  n e t w o r k s  employ ing  t h i n  p e r m a l l o y  

f i l m s  c o n n e c t e d  by p a s s i v e - c o u p l i n g  loop  s t r u c t u r e s .  Sys t em c o n c e p t s  have  

b e e n  d e s c r i b e d  i n  Z e f s .  6 and 8. Very b r i e f l y ,  t h e  p r o p o s e d  l o g i c  n e t -  

works  would make u s e  o f  m u l t i - p h a s e  c l o c k  d r i v e r s  t o  p r o d u c e  u n i -  

d i r e c t i o n a l  p r o p a g a t i o n  o f  i n f o r m a t i o n ,  l i n e a r - i n p u t  ( m a j o r i t y )  l o g i c  

be tween  s t a g e s ,  and t h e  g u i d e d  f a l l - b a c k  mode o f  f l u x  t r a n s f e r  be tween 

s u c c e s s i v e  f i l m  e l e m e n t s .  The l a t t e r  method o f  i n f o r m a t i o n  t r a n s f e r  w i l l  

b e  d i s c u s s e d  i n  Sec.  111. 

A t  t h e  o u t s e t  i t  was r e a l i z e d  t h a t  t h e  p r o p o s e d  l o g i c  s y s t e m  would 

s t a n d  or f a l l  on t h e  a b i l i t y  t o  t r a n s f e r  f l u x  be tween s u c c e s s i v e  f i l m  

e l e m e n t s  w i t h o u t  accompanying  l o s s .  We f e l t  t h a t  t h i s  c a p a b i l i t y  c o u l d  

b e  s a t i s f a c t o r i l y  d e m o n s t r a t e d  w i t h  d e v i c e s  c o n t a i n i n g  o n l y  two t h i n - f i l m  

e l e m e n t s .  We c o n s e q u e n t l y  c o n f i n e d  o u r  e x p e r i m e n t a l  e f f o r t s  t o  s y m m e t r i c a l  

two-e l emen t  d e v i c e s  f u r n i s h e d  w i t h  a s i n g l e  common c o u p l i n g - l o o p  s t r u c t u r e .  

Some s p e c i f i c  program o b j e c t i v e s  as  e x p r e s s e d  i n  o u r  o r i g i n a l  p r o p o s a l  a r e  

a s  f o l l o w s :  

( 1 )  E x p l o r e  t h e  f e a s i b i l i t y  o f  l o g i c  r e a l i z a t i o n  w i t h  t h i n  f i l m s  
a c c o r d i n g  t o  t h e  p r o c e d u r e s  m e n t i o n e d  a b o v e ,  w i t h  p a r t i c u l a r  
emphas i s  on e x p e r i m e n t a l  r e d u c t i o n  t o  p r a c t i c e  o f  a s i m p l e  
p o s i t i v e  t r a n s f e r  l o g i c  e l emen t .  

( 2 )  A t t empt  t o  d e m o n s t r a t e  t r a n s f e r  o f  i n f o r m a t i o n  be tween t h i n -  
f i l m  e l e m e n t s  a t  s p e e d s  of  o p e r a t i o n  s u b s t a n t i a l l y  i n  e x c e s s  
o f  t h o s e  p r e s e n t l y  o b t a i n e d  w i t h  f e r r i t e  d e v i c e s .  

( 3 )  To a n a l y z e  and u n d e r s t a n d  t h e  r e a s o n s  f o r  f a i l u r e  i f  t h e  
p o s t u l a t e d  d e v i c e s  do  n o t  p rove  t o  be f e a s i b l e .  

Program e f f o r t  toward  t h e s e  g o a l s  may b e  d i v i d e d  r o u g h l y  i n t o  t h r e e  

a r e a s :  (1) A t h e o r e t i c a l  p h a s e  i n  which t h e  p r o p o s e d  s w i t c h i n g  e x p e r i -  

ment w a s  r e - examined  i n  o r d e r  t o  have some d e f i n i t e  p r i o r  e x p e c t a t i o n s  

a s  t o  t h e  outcome o f  s u b s e q u e n t  e x p e r i m e n t a l  measu remen t s i  ( 2 )  A 
d e s i g n  and c o n s t r u c t i o n  p h a s e  i n  which equ ipmen t  f o r  f a b r i c a t i n g  t h i n -  

f i l m  d e v i c e s  was c o n c e i v e d ,  b u i l t  and c h e c k e d - o u t .  ( 3 )  An e x p e r i m e n t a l  



measurements phase i n  which a s e r i e s  o f  t h i n  f i l m  d e v i c e s  were produced 

and i n v e s t i g a t e d  under p u l s e d  f i e l d  c o n d i t i o n s .  Although some p o r t i o n s  

of  t h e  work were c a r r i e d  o u t  concurrent ly  i t  w i l l  be  c o n v e n i e n t  t o  r e -  

p o r t  on these phases  s e p a r a t e l y  i n  the f o l l o w i n g  t h r e e  s e c t i o n s .  
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I11 COUPLED TBIN-FILM ELEMENTS 

A .  THE FLUX-TRANSFER PROCESS 

Visualize a magnetic logic system in which information resides in the 
remanent magnetic condition of individual “spots” of thin permalloy film. 
That is, each film element possesses a well defined uniaxial anisotropy, 
and the ‘ I  one”: and “ zero” states correspond to single-domain conditions 
with oppositely oriented magnetization vectors. Film elements are con- 
nected together by passive transmission-line circuitry. At appropriate 
clock-times some sub-set of elements will be required to transmit a 
logical combination of its remanent flux states to a set o f  receiving film 
elements. The receiving elements will in turn become transmitting ele- 
ments during a subsequent clock phase so that information will be propa- 
gated through the network. If the coupling circuitry is indeed passive 
it will be necessary to provide some mechanism for re-establishing a 
standard reference value of remanent flux in receiving elements even though 
transmitted flux linkages are lost in dissipative coupling circuitry. Thus, 
a flux-gain requirement during transfer of information is implied. 

The means we have hypothesized t o  secure this required flux ga in  will 
be referred to as the guided fall-back mode of operation. Reliable opera- 
tion of this type of flux-transfer mechanism between two similar thin-film 
elements would virtually guarantee the realizibility of more complex logic 
networks employing the same principle. Most of our project effort was 
directed toward establishment of the guided fall-back mode as an experimental 
fact. To this end, we devised the basic experiment depicted in Fig. 1. 

We planned to fabricate a series of thin magnetic-film devices much 
like that shown schematically at the top of the figure. The circular discs 
are patches of 80% to 20% nickel-iron permalloy (composition chosen for 
zero magnetostrictive coefficient). The coupling loop or “strap” is a very 
thin transmission line consisting of evaporated copper layers separated by 
silicon-monoxide insulation. One of the completed devices is shown in 
Fig. 2 ,  with the drive and bias winding removed s o  that the magnetic spots 
are more easily seen. 

5 
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FIG. 2 TWO-ELEMENT THIN-MAGNETIC-FILM REGISTER 

T h e  g u i d e d  f a l l - b a c k  mode o f  i n f o r m a t i o n  t r a n s f e r  works a s  f o l l o w s :  
I n i t i a l l y  t h e  t r a n s m i t t e r  e l e m e n t  i s  i n  a ( ‘ r e s t i n g ”  s t a t e  w i t h  a l l  of i t s  

m a g n e t i z a t i o n  o r i e n t e d  a l o n g  one  o f  t h e  two e a s y - a x i s  d i r e c t i o n s .  
b i a s  c u r r e n t  h o l d s  t h e  m a g n e t i z a t i o n  o f  t h e  r e c e i v e r  e l e m e n t  i n  t h e  t r a n s -  

v e r s e  d i r e c t i o n  a t  r i g h t  a n g l e s  t o  t h e  e a s y  a x i s  o f  t h e  r e c e i v e r  ( s e e  

F i g .  1 ) .  To e f f e c t  t h e  t r a n s f e r ,  a d r i v e  c u r r e n t  i s  s u d d e n l y  a p p l i e d  t o  

t h e  t r a n s m i t t e r  e l e m e n t  ( t h r o u g h  t h e  w i n d i n g  shown) which r a p i d l y  r o t a t e s  

t h e  m a g n e t i z a t i o n  o f  t h e  t r a n s m i t t e r  e l e m e n t  t oward  t h e  t r a n s v e r s e  a x i s .  

A t  t h e  same t i m e ,  t S ,  t h a t  t h e  t r a n s m i t t e r  e l e m e n t  i s  s w i t c h i n g ,  t h e  b i a s  

c u r r e n t  i s  removed from t h e  r e c e i v e r  e l e m e n t .  The s w i t c h i n g  v o l t a g e  p r o -  

duced  by  t h e  t r a n s m i t t e r  e l e m e n t  s e n d s  a c u r r e n t  t h r o u g h  t h e  c o u p l i n g  l o o p  

wh ich  p r o d u c e s  a n  H f i e l d  a t  t h e  r e c e i v e r  e l e m e n t  d i r e c t e d  toward  t h e  same 

e a s y - a x i s  d i r e c t i o n  a s  o r i g i n a l l y  o c c u p i e d  by t h e  t r a n s m i t t e r  m a g n e t i z a t i o n  

T h i s  “ g u i d i n g  f i e 1 d ” t e n d s  t o  s t e e r  t h e  r e c e i v e r  m a g n e t i z a t i o n  toward  t h e  

e a s y - a x i s  d i r e c t i o n  by a c o h e r e n t  r o t a t i o n  o f  M .  Once t h e  m o t i o n  o f  i M  

t o w a r d  a n  e a s y - a x i s  d i r e c t i o n  i s  e s t a b l i s h e d ,  i n t e r n a l  t o r q u e  p r o d u c e d  by 

t h e  “ b u i l t  i n ”  u n i - a x i a l  a n i s o t r o p y  r e s t o r e s  M t o  t h e  minimum e n e r g y  

p o s i t i o n .  A t  t h e  c o n c l u s i o n  o f  a s u c c e s s f u l  t r a n s f e r  a l l  o f  t h e  rece iver  

m a g n e t i z a t i o n  would be found  d i r e c t e d  a l o n g  t h e  e a s y  a x i s  w h i l e  t h e  t r a n s -  

m i t t e r  e l e m e n t  would be s t r o n g l y  h e l d  i n  t h e  t r a n s v e r s e  d i r e c t i o n .  The 

r o l e s  o f  t r a n s m i t t e r  and r e c e i v e r  a r e  c o n s e q u e n t l y  r e v e r s e d  a f t e r  a 

t r a n s f e r .  The r e c e i v e r  i s  r e a d y  t o  t r a n s m i t  and t h e  t r a n s m i t t e r  i s  r e a d y  

t o  r e c e i v e .  

A s t e a d y  
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D u r i n g  s u c h  a t r a n s f e r ,  t h e r e  i s  a v e r y  d e l i c a t e  b a l a n c e  o f  f o r c e s  

a c t i n g  on  t h e  r e c e i v e r  m a g n e t i z a t i o n  M. A t  some i n t e r m e d i a t e  p o i n t  i n  
t h e  s w i t c h i n g  p r o c e s s  l e t  t h e  a n g l e  t h e  r ece ive r  M makes w i t h  t h e  e a s y  
a x i s  be  8. The s e v e r a l  f o r c e s  which i n f l u e n c e  t h e  p o s i t i o n  and mot ion  

of  M c a n  be  s e p a r a t e l y  i d e n t i f i e d  a s  f o l l o w s :  

a t o r q u e  p e r  u n i t  volume o f  m a g n e t i c  m a t e r i a l  

The  b i a s  f i e l d  If, p r o d u c e s  

' b i a s  = N , M  cos e newt on /meter 

t e n d i n g  t o  r o t a t e  M toward  t h e  t r a n s v e r s e  a x i s .  

p r o v i d e d  by t h e  t r a n s m i t t e r  e l e m e n t  c a u s e s  a n  o p p o s i n g  t o r q u e  

The s w i t c h i n g  f i e l d  U s  

T g u i d e  = H E M  s i n  0 newton/meter  * 

t e n d i n g  t o  r o t a t e  M toward  t h e  e a s y  a x i s  d i r e c t i o n .  

I n  a d d i t i o n  t o  t h e s e  e x t e r n a l l y  a p p l i e d  t o r q u e s ,  t h e  u n i a x i a l  

a n i s o t r o p y  o f  t h e  f i l m  e l e m e n t  p roduces  a t h i r d  t o r q u e  t e n d i n g  to r e t u r n  

M t o  e i t h e r  e a s y  a x i s  p o s i t i o n .  T h i s  i s  t h e  t o r q u e  w e  must  depend upon 

t o  s e c u r e  t h e r e q u i r e d  f l u x  g a i n  d u r i n g  t r a n s f e r ,  The a n i s o t r o p y  of t h e  

f i l m  c o r r e s p o n d s  t o  an a n g u l a r l y  dependen t  p o t e n t i a l  e n e r g y  term o f  t h e  

form 

W = K s i n 2  0 newton/meter  ( 3 )  

where  K is o f t e n  c a l l e d  t h e  a n i s o t r o p y  c o n s t a n t  and W i s  t h e  i n t e r n a l  

e n e r g y  p e r  u n i t  volume a s s o c i a t e d  wi th  a g i v e n  m a g n e t i z a t i o n  d i r e c t i o n .  

C o h e r e n t  r o t a t i o n ,  i m p l y i n g  a c o n s t a n t  a b s o l u t e  magn i tude  o f  M ,  i s  
assumed.  The t o r q u e  due  t o  a n i s o t r o p y  c a n  b e  found 6 y - d i f f e r e n t i a t i n g  

Eq. ( 3 )  w i t h  r e s p e c t  t o  8. T h i s  l e a d s  t o  

T a n i s o t r o p y  = H,M s i n  8 c o s  8 newt on /m e t e r ( 4 )  

where H, = 2K/M i s  a c h a r a c t e r i s t i c  t r a n s v e r s e  c o e r c i v e  f i e l d  f o r  t h e  

f i l m  e l e m e n t .  Throughou t  t h i s  d i s c u s s i o n  t h e  d i m e n s i o n s  o f  M a r e  assumed 

i d e n t i c a l  t o  B ,  namely v o l t  s e c o n d s / m e t e r 2 .  

F i n a l l y ,  t h e r e  a r e  s e v e r a l  a d d i t i o n a l  dynamic f o r c e s  t h a t  a c t  o n l y  

when M i s  i n  mot ion .  G y r o s c o p i c  r e a c t i o n s ,  v i s c o u s  damping,  and eddy  

c u r r e n t s  i n d u c e d  i n  t h e  f i l m  and i n  n e i g h b o r i n g  c o n d u c t o r s  a l l  p r o d u c e  
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t o r q u e s  t h a t  t e n d  t o  oppose  t h e  mot ion  o f  M. Each o f  t h e s e  “ d r a g ”  f o r c e s  

c o n t r i b u t e s  t o  a p r a c t i c a l  l i m i t a t i o n  on maximum s w i t c h i n g  s p e e d  o f  t h e  
r e c e i v e r  e l e m e n t .  

and  eddy c u r r e n t  e f f e c t s  p r e d o m i n a t e .  

lumped t o g e t h e r  a s  

A t  s w i t c h i n g  s p e e d s  o f  i n t e r e s t  t o  u s ,  v i s c o u s  damping 

These  r e a c t i o n s t o r q u e s  may be  

dB 
T d r a g  d t  

= kM- newton/me t e r  

where  k i s  a n u m e r i c a l l y  s m a l l  c o n s t a n t  (= lo’’ coulomb/meter )  t h a t  c a n  

be  e s t i m a t e d  from gyromagne t i c  r e sonance  e x p e r i m e n t s  and  d e t a i l e d  c a l c u -  

l a t i o n s  of  e x p e c t e d  e d d y - c u r r e n t  damping e f f e c t s .  a 

B .  LOW-SPEED RECEIVER DYNAMICS 

I f  t h e  m a g n e t i z a t i o n  o f  t h e  r e c e i v e r  e l e m e n t  i s  c o h e r e n t l y  r o t a t e d  
by a p p l i e d  H f i e l d s  t h a t  a r e  s l o w l y  v a r y i n g  w i t h  t i m e ,  d r a g  t o r q u e s  p r o -  

p o r t i o n a l  t o  t h e  a n g u l a r  v e l o c i t y  of  M may be  i g n o r e d .  I t  i s  a good ap-  
p r o x i m a t i o n ,  t h e n ,  t o  assume t h a t  M is  i n  a s t a t i c  e q u i l i b r i u m  s t a t e  a t  

e a c h  moment o f  t i m e .  The i n s t a n t a n e o u s  p o s i t i o n  o f  M may t h e r e f o r e  b e  

found  by  s e t t i n g  

A c o n v e n i e n t  way t o  p r e s e n t  t h e  s o l u t i o n  o f  t h i s  t o r q u e  e q u i l i b r i u m  

e q u a t i o n  is  shown i n  F i g .  3. The a b s c i s s a  m e a s u r e s  t h e  t r a n s v e r s e  b i a s  

or “ h o l d i n g ”  f i e l d  a s  a m u l t i p l e  o f  H,. The o r d i n a t e  i s  t h e  a n g l e  t h a t  

M assumes  f o r  a g i v e n  c o m b i n a t i o n  of a p p l i e d  b i a s  and s w i t c h i n g  f i e l d s  

measu red  from a r e f e r e n c e  d i r e c t i o n  a l o n g  t h e  e a s y  a x i s  o f  t h e  f i l m .  The 
8 s c a l e  h a s  been  i n v e r t e d  so t h a t  l i n e s  drawn from t h e  o r i g i n t o  p o i n t s  on  

a c u r v e  t a k e , t h e  same g e n e r a l  d i r e c t i o n  a s  M i n  t h e  f i l m .  The t h r e e  

c u r v e s  a r e  f o r  f i x e d  v a l u e s  o f  H I  e q u a l  t o  1 p e r c e n t ,  5 p e r c e n t ,  and 

1Q p e r c e n t  o f  H, r e s p e c t i v e l y .  

s e c t i o n  of  a t h r e e - d i m e n s i o n a l  s u r f a c e  which  would d i s p l a y  t h e  e q u i l i b r i u m  
p o s i t i o n  of  M f o r  any  g i v e n  combina t ion  o f  b i a s  and  s w i t c h i n g  f i e l d s  whose 

r e s u l t a n t  l i e s  i n  t h e  f i r s t  q u a d r a n t .  

Each c u r v e  a c t u a l l y  r e p r e s e n t s  a c r o s s  

The  c r o s s - h a t c h e d  a r e a  n e a r  t h e  o r i g i n  o f  F i g .  3 i n d i c a t e s  a r e g i o n  
I n  t h i s  t h a t  s h o u l d  be  a v o i d e d  when a t t e m p t i n g  a g u i d e d  f a l l - b a c k  of  M .  

r e g i o n  M would b e  r e q u i r e d t o m a i n t a i n  a n  e q u i l i b r i u m  p o s i t i o n  v e r y  n e a r  
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t h e  t r a n s v e r s e  a x i s  unde r  c o n d i t i o n s  where t o t a l  a p p l i e d  f i e l d s  amounted 

t o  l e s s  t h a n  H,. We know from numerous low-speed  s w i t c h i n g  measu remen t s  
t h a t  a f a i l u r e  o f  t h e  c o h e r e n t  r o t a t i o n  mechanism o c c u r s  u n d e r  t h e s e  

c i r c u m s t a n c e s .  

s p e c i m e n  w i l l  r e t a i n  t h e  c h a r a c t e r  of a s i n g l e  s a t u r a t e d  domain w h a t e v e r  

t h e  o r i e n t a t i o n  o f  M .  I f ,  however ,  e x t e r n a l  f i e l d s  a r e  r e d u c e d  i n  s u c h  

a way t h a t  M f i n d s  i t s e l f  v e r y  n e a r  t h e  t r a n s v e r s e  a x i s  a “ b r e a k - u p ”  

i n t o  many d i s o r g a n i z e d  domains i s  l i k e l y  t o  o c c u r .  When t h i s  happens  t h e  

t o r q u e  due  t o  a n i s o t r o p y  f a i l s  and t h e  f i l m  m a g n e t i z a t i o n  d o e s  n o t  r e t u r n  

t o  t h e  e a s y  a x i s .  We do n o t  know how l o n g  i t  t a k e s  f o r  t h i s  t y p e  o f  

“ b r e a k - u p ”  t o  o c c u r .  P o s s i b l y  a r a p i d  t r a n s i t i o n  t h r o u g h  p a r t  o f  t h e  

“ u n s a f e ”  c r o s s - h a t c h e d  r e g i o n  migh t  be a c h i e v e d  b e f o r e  domain s t r u c t u r e s  

had s u f f i c i e n t  t i m e  t o  n u c l e a t e  and grow. From a p r a c t i c a l  s t a n d p o i n t  

t h e  “ u n s a f e ”  r e g i o n  o f  a v e r y  good f i l m  spec imen w i l l  be above  a n g l e s  o f  

a b o u t  77”. Thus ,  r e f e r r i n g  t o  F i g .  3 t h e  c ‘ u n ~ a f e ’ 9  r e g i o n  may b e  c o m p l e t e l y  
a v o i d e d  i f  s w i t c h i n g  f i e l d s  HS of  only  2 or 3 p e r c e n t  o f  H, 
t a i n e d  w h i l e  t h e  b i a s  f i e l d  c o l l a p s e s .  

As l o n g  a s  e x t e r n a l  f i e l d s  a r e  i n  e x c e s s  o f  H, t h e  f i l m  

c a n  be  main-  
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C .  DYNAMICS OF A COUPLED FILM PAIR 

\?‘hen two t h i n - f i l m  e l e m e n t s  a r e  c o n n e c t e d  t o g e t h e r  by a d i s s i p a t i v e  

c o u p l i n g  l o o p  and t h e  a t t e m p t  i s  made t o  t r a n s f e r  f l u x  from one  t o  t h e  
o t h e r  by  a g u i d e d  f a l l - b a c k  s w i t c h i n g  p r o c e s s ,  t h e  dynamica l  s i t u a t i o n  

becomes q u i t e  complex.  
l i n e a r  f u n c t i o n s  o f  t h e  a p p l i e d  f i e l d s ,  b u t  i n t e r a c t i o n  be tween f i l m  

e l e m e n t s  i s  a l s o  n o n - l i n e a r ,  speed-dependen t  and  l o s s y .  Under t h e s e  c i r -  

c u m s t a n c e s  i t  i s  v e r y  d i f f i c u l t  t o  d e v e l o p  a t r u s t w o r t h y  h e u r i s t i c  p i c t u r e  

o f  what  a c t u a l l y  t r a n s p i r e s  d u r i n g  a f l u x  t r a n s f e r .  

u s e f u l  “ r u l e  o f  thumb” n o t i o n s  which r e l y  on  c o n s e r v a t i o n  o f  f l u x  and 
c u r r e n t  a r e  n e a r l y  w o r t h l e s s  i n  t h i s  c a s e  s i n c e  f l u x  l o s s e s  i n  t h e  c o u p l i n g  

l o o p  may v a r y  by o r d e r s  o f  magn i tude ,  d e p e n d i n g  upon t h e  s w i t c h i n g  reg ime 

c h o s e n .  

Not o n l y  a r e  a l l  t h e  m a g n e t i z a t i o n  c h a n g e s  non-  

Even t h e  c u s t o m a r i l y  

I n  o r d e r  t o  have  a b e t t e r  u n d e r s t a n d i n g  o f  what  t o  e x p e c t  i n  a c t u a l  

e x p e r i m e n t a l  c o n d i t i o n s  w e  d e c i d e d  t o  s e t  up and  s o l v e  t h e  dynamica l  

e q u a t i o n s  f o r  a p a i r  o f  c o u p l e d  e l e m e n t s .  The m a t h e m a t i c a l  model s e l e c t e d  

was s u f f i c i e n t l y  r e a l i s t i c  t o  d i s p l a y  most  o f  t h e  i m p o r t a n t  f e a t u r e s  o f  

c o u p l e d  f i l m  b e h a v i o r .  We were p a r t i c u l a r l y  i n t e r e s t e d  t o  see w h e t h e r  

d r i v e  a n d  b i a s  c o n d i t i o n s  c o u l d  be found s u c h  t h a t  t h e  “ u n s a f e ”  r e g i o n  of 

r e c e i v e r  o p e r a t i o n  i n d i c a t e d  i n  F i g .  3 would be  a v o i d e d .  We a l s o  wi shed  

t o  d e t e r m i n e  how s e n s i t i v e  t h e  s w i t c h i n g  c o n d i t i o n s  would be t o  t i m i n g  of 
t h e  d r i v e  a n d b i a s  waveforms.  F i n a l l y ,  w e  hoped t h a t  s o l u t i o n s  o f  t h e  

d y n a m i c a l  e q u a t i o n  would i n d i c a t e  whe the r  f a n - o u t  t o  more t h a n  one  r e -  

c e i v e r  e l e m e n t  s h o u l d  be  f e a s i b l e .  

The n o m e n c l a t u r e  and s i g n  c o n v e n t i o n s  used  i n  c o n s t r u c t i n g  t h e  

dynamica l  e q u a t i o n s  a r e  i l l u s t r a t e d  i n  F i g .  4 .  “: and H i  a r e  t h e  e x t e r n a l  

f i e l d s  i n  t h e  t r a n s v e r s e  d i r e c t i o n  a p p l i e d  t o  t h e  t r a n s m i t t e r  and r e c e i v e r  

r e s p e c t i v e l y  by t h e  d r i v e  and b i a s  wind ings  ( n o t  shown i n  t h e  f i g u r e ) .  

N f  and H S  a r e  t h e  f i e l d  s t r e n g t h s  i n  t h e  e a s y - a x i s  d i r e c t i o n  a t t h e  t r a n s -  

m i t t e r  a n d r e c e i v e r  p roduced  by f l o w  o f c u r r e n t  i n t h e  c o u p l i n g  loop .  A s  t h e  

t r a n s m i t t e r  m a g n e t i z a t i o n  r o t a t e s  c l o c k w i s e  toward  t h e  t r a n s v e r s e  a x i s  

t h e  r e c e i v e r  m a g n e t i z a t i o n  r o t a t e s  c o u n t e r c l o c k w i s e  toward  t h e  e a s y  a x i s .  

The p o l a r i t i e s  o f  b o t h  t r a n s m i t t e r -  and r e c e i v e r - i n d u c e d  v o l t a g e s  a r e  

c o n s e q u e n t l y  p o s i t i v e  on t h e  u p p e r  c o n d u c t o r  o f  t h e  c o u p l i n g  l o o p .  

d i r e c t i o n  o f  c o u p l i n g - l o o p  c u r r e n t  i s  c o n s i d e r e d  t o  be  p o s i t i v e  when 
f l o w i n g  from l e f t  t o  r i g h t  i n  t h e  upper  s t r a p  o f  t h e  l o o p .  With t h i s  

c o n v e n t i o n  t h e  e a s y - a x i s  f i e l d s  Hf and H: a r e  b o t h  d i r e c t e d  upward on 

The  
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F i g .  4 f o r  p o s i t i v e  l o o p  c u r r e n t  Is. As w i l l  be  s e e n  l a t e r ,  t h e  d i r e c t i o n  

o f  Is may a c t u a l l y  r e v e r s e  d u r i n g  a t y p i c a l  s w i t c h i n g  c y c l e  s o  t h a t  H :  
and H,' w i l l  s i m u l t a n e o u s l y  change  d i r e c t i o n .  

EASY 
A M  S 

EASY 
AXIS 

I 

+ -1, + + + 

FIG. 4 NOMENCLATURE EMPLOYED IN DYNAMIC SWITCHING STUDIES 

An e q u i v a l e n t  c i r c u i t  f o r t h e  p a s s i v e l o s s y  c o u p l i n g l o o p  i s d e p i c t e d  i n  

F i g .  5 .  The v o l t a g e s  i n d u c e d  i n  t h e  l o o p  by c h a n g e s  i n  t r a n s m i t t e r  and 

r e c e i v e r  m a g n e t i z a t i o n  d i r e c t i o n  a r e  i n d i c a t e d  by t h e  two g e n e r a t o r s  e ,  

and e r .  The v o l t a g e  e ,  d r i v e s  a s w i t c h i n g  c u r r e n t  I: i n t o  t h e  c o u p l i n g  

l o o p ,  b u t  o n l y  a p o r t i o n  o f  t h e  c u r r e n t  I: i s  e f f e c t i v e  i n  g u i d i n g  t h e  

r e c e i v e r  e l e m e n t .  The c o u p l i n g  l o o p  a c t u a l l y  s h o u l d  b e  t r e a t e d  a s  a sec-  

t i o n  o f  s t r i p  t r a n s m i s s i o n  l i n e ;  however,  t h e  lumped c i r c u i t  r e p r e s e n t a t i o n  

o f  F i g .  5 i s  q u i t e  a d e q u a t e  f o r  t h e  v e r y  s h o r t  l e n g t h s  o f  s t r i p  l i n e  we 
w i l l  b e  c o n s i d e r i n g .  I n d e e d ,  i t  can  be  shown t h a t  f o r  m o d e r a t e - t o - f a s t  

s w i t c h i n g  s p e e d s  ( 1  t o  20  nanoseconds )  c o u p l i n g  l o o p  r e a c t a n c e s  a r e  con-  

s i d e r a b l y  l e s s  i m p o r t a n t  t h a n  r e s i s t i v e  l o s s e s  i n  a t y p i c a l  f l u x  t r a n s f e r .  

I n  p a r t i c u l a r ,  i f  t h e  d i e l e c t r i c  m a t e r i a l  c h o s e n  f o r  i n s u l a t i o n  o f  t h e  

s t r i p - l i n e  c o n d u c t o r s  h a s  t h e  p r o p e r  amount of  h i g h - f r e q u e n c y  conduc-  
t i v i t y  t h e  c o u p l i n g  l o o p  c a n  a p p e a r  r e s i s t i v e  a t  a l l  f r e q u e n c i e s  o f  

i n t e r e s t .  C o n s e q u e n t l y  i t  i s  a r e a s o n a b l y  good a p p r o x i m a t i o n  t o  assume 
t h a t  t h e  c o u p l i n g - l o o p  e q u i v a l e n t  c i r c u i t  shown i n  F i g .  5 h a s  o n l y  re -  

s i s t i v e  e l e m e n t s .  We have  made t h i s  a s s u m p t i o n  i n  t h e  f o l l o w i n g  a n a l y s i s .  
A more comple t e  d i s c u s s i o n  o f  c o u p l i n g - l o o p  p a r a m e t e r s  may be found i n  

R e f .  8 ,  Sec. I V .  
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FIG. 5 EQUIVALENT CIRCUIT FOR THIN STRIP- 
TRANSMISSION-LINE COUPLING LOOP 

With  t h e  a i d  of  t h e  e q u i v a l e n t  c i r c u i t ,  t h e  i n s t a n t a n e o u s  c u r r e n t s  

f l o w i n g  i n  t h e  t r a n s m i t t e r  and rece iver  e n d s  o f  t h e  c o u p l i n g  l o o p  may be  

c a l c u l a t e d .  S u p e r s c r i p t s  a g a i n  d i f f e r e n t i a t e  be tween t r a n s m i t t e r  and re-  

c e i v e r  q u a n t i t i e s .  

The c o n d u c t a n c e s  g ,  and g 2  depend upon t h e  c h a r a c t e r i s t i c  impedance and  

a t t e n u a t i o n  o f  t h e  c o u p l i n g  l o o p  chosen  Numer ica l  v a l u e s  f o r  g 3  and g2 
may t h e r e f o r e  be c a l c u l a t e d  from a n  assumed l o o p  geometry  or measured  i n  

a c a s e  o f  p r a c t i c a l  i n t e r e s t .  The v o l t a g e s  e t  and e r  produced  by c o h e r e n t  

r o t a t i o n  o f t r a n s m i t t e r  a n d r e c e i v e r  m a g n e t i z a t i o n  v e c t o r s  a r e  g i v e n  by 



d 6  
d t  e ,  = + s i n e -  v o l t s  

e r  = + C O S  a -  d a  v o l t s  . 
d t  

These  v o l t a g e s  a r e  o b t a i n e d  by t i m e  d i f f e r e n t i a t i o n  o f  t h e  f l u x  l i n k a g e s  

e n c l o s e d  by t h e  c o u p l i n g  l o o p  a t  t h e  t r a n s m i t t e r  and  r e c e i v e r  e l e m e n t s  

r e s p e c t i v e l y .  4, t h e  t o t a l  remanent  magne t i c  f l u x  o f  a f i l m  e l e m e n t ,  i s  

assumed t o  be  t h e  same f o r  e a c h  f i l m ,  namely M t imes t h e  f i l m  c r o s s -  

s e c t i o n a l  a r e a .  

The  e a s y - a x i s  s w i t c h i n g  f i e l d s  due t o  f l o w  o f  c o u p l i n g  l o o p  c u r r e n t  
may now be  e x p r e s s e d  f o r  b o t h  f i l m  e l e m e n t s  w i t h  t h e  a i d  o f  Eqs .  

and  ( 8 ) .  They a r e :  
( 7 )  

Here and  s u b s e q u e n t l y  a is  t h e  w i d t h  of  t h e  c o u p l i n g - l o o p  s t r a p  i n  m e t e r s ,  

and d o t t e d  q u a n t i t i e s  a r e  t ime d e r i v i t i v e s .  

H f  and H i  a r e  t h e  o n l y  f o r c e s  t h a t  a c t  on t h e  f i l m  e l e m e n t s  b e c a u s e  

o f  t h e  p r e s e n c e  o f  t h e  c o u p l i n g  l o o p .  The f o r c e s  n o t  a s s o c i a t e d  w i t h  

c o u p l i n g - l o o p  a c t i o n  and  r e a c t i o n  a r e  a p p l i e d  d r i v e  and  b i a s  f i e l d s ,  t h e  

a n i s o t r o p y  t o r q u e s ,  and t h e  damping t o r q u e s .  The summation o f  a l l  o f  t h e s e  

a p p l i e d  and r e a c t i o n  f o r c e s  c o m p l e t e l y  d e t e r m i n e s  t h e  dynamic b e h a v i o r  o f  

t h e  two c o u p l e d  e l e m e n t s .  A c c o r d i n g l y  w e  f i n a l l y  o b t a i n  t h e  f o l l o w i n g  s e t  

o f  d i f f e r e n t i a l  e q u a t i o n s  r e p r e s e n t i n g  t h e  m o t i o n  o f  t r a n s m i t t e r  and  re -  

c e i v e r  m a g n e t i z a t i o n  v e c t o r s  u n d e r  a r b i t r a r y  d r i v e  and b i a s  e x c i t a t i o n s :  

MH: COS 8 - MHf s i n  6 - MkB = 2K s i n  8 C O S  6 

MH: s i n  a - MH: COS a + Mka = 2K s i n  a C O S  a 
( 1 0 )  

where H f  and H i  have  t h e  form s t a t e d  i n  Eq. 

d r i v e  and  b i a s  f i e l d s .  When t h e s e  q u a n t i t i e s  a r e  i n s e r t e d  i n  Eq. (10)  
and  s o m e o f  t h e c o n s t a n t s  a r e  combined,  t h e  dynamic e q u a t i o n s  r e d u c e  t d :  

( 9 ) ,  and H f  and H i  r e p r e s e n t  
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I ,  c o s  e - q 1  s i n 2  e e + q 2  s i n  e c o s  ai - q 3 B  

s i n  e t 9 1  cos2  a a - q 2  s i n  B c o s  ae  t q3c1 

= I, s i n  B c o s  e 
(11) 

= I, s i n  a c o s  a . 

h e r e  I ,  and I r  a r e  t h e  t r a n s m i t t e r  and r e c e i v e r  d r i v e  and  b i a s  c u r r e n t s ,  

and  I, i s  a c o n s t a n t  c u r r e n t  e q u i v a l e n t  t o  a f i e l d  o f  H, .  The c o n s t a n t s  
q l ,  q 2 ,  and u 3  have  t h e  d i m e n s i o n s  of  c h a r g e ,  and a r e  e q u a l  t o  g 1 4 ,  g 2 4  
and  ak r e s p e c t i v e l y .  

The  s i m u l t a n e o u s  e q u a t i o n ,  Eq .  ( l l ) ,  f u r n i s h e d  a c o m p l e t e  d e s c r i p t i o n  
of t r a n s m i t t e r  and r e c e i v e r  c o n d i t i o n s  d u r i n g  s w i t c h i n g ,  b u t  i t  i s  v e r y  

d i f f i c u l t  t o  o b t a i n  any  c l o s e d - f o r m  s o l u t i o n s  o f  p r a c t i c a l  i n t e r e s t .  
I n s t e a d  o f  a t t e m p t i n g  an  a n a l y t i c  t r e a t m e n t  w e  programmed t h e  e q u a t i o n s  f o r  

s o l u t i o n  on t h e  Bur roughs  220  d i g i t a l  compute r .  The program was a r r a n g e d  

s o  t h a t  s e p a r a t e  c a s e s  o f  i n t e r e s t  cou ld  be  s o l v e d  by a s s i g n i n g  n i n e  

p a r a m e t e r s  t o  a s t a n d a r d  s u b r o u t i n e .  A number o f  s o l u t i o n s  were o b t a i n e d  

i n  which  w e  s o u g h t  t o  o p t i m i z e  t h e  t i m i n g  r e l a t i o n s h i p  be tween d r i v e  and  

b i a s  e x c i t a t i o n s .  The  e f f e c t s  o f  c o u p l i n g - l o o p  impedance  and l o s s  were 

a l s o  i n v e s t i g a t e d .  

The s o l u t i o n s  o b t a i n e d  showed a number o f  i n t e r e s t i n g  f e a t u r e s  (some 

o f  them u n e x p e c t e d )  t h a t  have  a d i r e c t  b e a r i n g  o n  b e s t - c a s e  d e v i c e  p e r - -  
f o r m a n c e .  F i g u r e  6 shows one  machine s o l u t i o n  which i s  v e r y  c l o s e  t o  
optimum w i t h  r e s p e c t  t o  t i m i n g  of  d r i v e  and b i a s  waveforms.  I n  t h i s  r u n ,  

c o u p l i n g - l o o p  i t e r a t i v e  impedance was assumed t o  be  0 . 7 5  ohm w i t h  an  a t -  

t e n u a t i o n  be tween f i l m  e l e m e n t s  of 0.8.  Bo th  f i l m s  were a s s i g n e d  a 

r emanen t  f l u x  o f  weber  c o r r e s p o n d i n g  t o  d i m e n s i o n s  o f  one  c e n t i m e t e r  

i n  d i a m e t e r  and a p p r o x i m a t e l y  1 0 0 0  A t h i c k n e s s ,  

a r e  i l l u s t r a t e d  i n  t h e  u p p e r  l e f t - h a n d  c o r n e r  of  F i g .  6 .  D r i v e  c u r r e n t  

r i ses  l i n e a r l y  from z e r o  t o  a v a l u e  s u f f i c i e n t  t o  a p p l y  a n  H, f i e l d  o f  

3 H ,  
c u r r e n t  a t  t h e  r e c e i v e r  i s  meanwhi le  d e c a y i n g  t o w a r d  z e r o  i n  s u c h  a way 

t h a t  t h e  r e c e i v e r  b i a s  becomes l e s s  t h a n  H, o n e  nanosecond  b e f o r e  t r a n s -  
m i t t e r  d r i v e  r e a c h e s  H, ,  which i n  t h i s  example  was assumed t o  be 

2 . 5  o e r s t e d s .  

0 

The d r i v e  and  b i a s  f i e l d s  

t o  t h e  t r a n s m i t t e r  a f t e r  an  i n t e r v a l  o f  20 n a n o s e c o n d s .  The b i a s  

F i g u r e  6 i s  a c o m p o s i t e  g r a p h  of t h e  t r a n s m i t t e r  and r e c e i v e r  v o l t a g e  

waveforms and t h e  a n g u l a r  p o s i t i o n s  of t h e i r  r e s p e c t i v e  m a g n e t i z a t i o n  

v e c t o r s  0 and &. Timing  o f  t h e  d r i v e  a n d  b i a s  e x c i t a t i o n s  i s  known t o  

be  n e a r l y  optimum i n  t h e  c a s e  i l l u s t r a t e d  b e c a u s e  t h e  t r a n s m i t t e r  and 
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FIG. 6 CALCULATED TRANSMITTER AND RECEIVER VOLTAGES 
AND ANGLES IN A WELL SYNCHRONIZED SWITCHING REGIME 

r e c e i v e r  v o l t a g e s  a r e  v e r y  n e a r l y  i n  p h a s e  w i t h  e a c h  o t h e r .  O t h e r  

s w i t c h i n g  r e g i m e s  show a pronounced  l a g  o f  r e c e i v e r  v o l t a g e  w i t h  r e s p e c t  
t o  t r a n s m i t t e r  v o l t a g e .  

s w i t c h i n g  c y c l e  shown i n  F i g .  6 a r e  n o t e d  below: 
Some p a r t i c u l a r l y  i m p o r t a n t  a s p e c t s  o f  t h e  

(1) A t  60’ when o n l y  o n e - h a l f  of t h e  a v a i l a b l e  t r a n s m i t t e r  f l u x  
h a s  been  s w i t c h e d ,  t h e  r e c e i v e r  v o l t a g e  becomes g r e a t e r  t h a n  
t h e  t r a n s m i t t e r  v o l t a g e .  T h i s  means t h a t  c u r r e n t  i n  t h e  
c o u p l i n g  l o o p  r e v e r s e s  and  t h e  t r a n s m i t t e r  i s  no  l o n g e r  e f -  
f e c t i v e  i n  s t e e r i n g  t h e  r e c e i v e r  e l e m e n t .  I n  f a c t ,  t h e  r e -  
c e i v e r  c o n t i n u i n g  t o  s w i t c h  u n d e r  t h e  i n f l u e n c e  o f  i t s  
a n i s o t r o p y  t o r q u e  pumps ene rgy  back  i n t o  t h e  t r a n s m i t t e r  i n  
s u c h  a way t h a t  t h e  t r a a s m i t t e r  i s  a i d e d  i n  c o m p l e t i n g  i t s  
s w i t c h i n g  and  a c t u a l l y  o v e r s h o o t s  t h e  t r a n s v e r s e  a x i s .  

( 2 )  Dur ing  t h e  e a r l y  p a r t  o f  t h e  s w i t c h i n g  c y c l e  t h e  t o t a l  f l u x  
s w i t c h e d  a t  t h e  r e c e i v e r  i s  o n l y  a b o u t  o n e - h a l f  o f  t h e  t r a n s -  
mi t t e r  f l u x  o f  t h e  s w i t c h  even though  t h e  a t t e n u a t i o n  o f  t h e  
c o u p l i n g  l o o p  i s  r a t h e r  s m a l l  ( 0 . 8 ) .  

( 3 )  A t  t h e  moment when t h e  t o t a l  f i e l d . a p p l i e d  t o  t h e  r e c e i v e r  
e l e m e n t  becomes less  t h a n  H,,  t h e  r e c e i v e r  m a g n e t i z a t i o n  h a s  
an  a n g l e  01 of o n l y  10’ away f rom t h e  t r a n s v e r s e  a x i s .  
means t h a t  M i s  a c t u a l l y  t r a n s v e r s i n g  a c o r n e r  o f  t h e  “ u n s a f e ”  
r e g i o n  d e s c r i b e d  w i t h  r e f e r e n c e  t o  F i g .  3. Because  0 i s  i n -  
c r e a s i n g  r a p i d l y  a t  t h i s  t i m e  and a c t u a l l y  r e a c h e s  a v a l u e  

T h i s  
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of  2 0 °  less  t h a n  two nanoseconds  l a t e r  i t  i s  p r o b a b l e  t h a t  no 
“ b r e a k - u p ”  would o c c u r  i n  t h i s  c a s e .  N e v e r t h e l e s s ,  i t  a p p e a r s  
t o  be  d i f f i c u l t  ( w i t h  some se t s  o f  assumed c o u p l i n g - l o o p  and 
f i l m  p a r a m e t e r s ,  i m p o s s i b l e )  t o  a c h i e v e  s w i t c h i n g  r e g i m e s  which 
c o m p l e t e l y  a v o i d  r e c e i v e r  f i e l d  c o n d i t i o n s  t h a t  would l e a d  t o  
domain f o r m a t i o n  unde r  s t a t i c  c o n d i t i o n s .  

A n o t h e r  s o l u t i o n  o b t a i n e d  f o r  a d i f f e r e n t  s e t  o f  d r i v e  c o n d i t i o n s  

i s  shown i n  F i g .  7 .  I n  t h i s  c a s e  d r i v e  was a p p l i e d  more r a p i d l y  t o  ob-  

t a i n  a l a r g e r  t r a n s m i t t e r  v o l t a g e .  R e c e i v e r  b i a s  was r e l a x e d  somewhat 

l a t e r  i n  t h e  s w i t c h i n g  c y c l e  i n  o r d e r  t o  g i v e  t h e  t r a n s m i t t e r  v o l t a g e  

more t i m e  t o  a c t  on t h e  r e c e i v e r  m a g n e t i z a t i o n .  N o t i c e  t h a t  t h e  r e c e i v e r  

v o l t a g e  l a g s  t h e  t r a n s m i t t e r  v o l t a g e  i n  a v e r y  pronounced  way i n  t h i s  

example .  R e c e i v e r  v o l t a g e ,  r e a c h i n g  a maximum after t h e  t r a n s m i t t e r  h a s  

c o m p l e t e d  s w i t c h i n g ,  c a u s e s  a d i s t i n c t  o v e r s h o o t  of  t r a n s m i t t e r  magnet;  
i z a t i o n  beyond t h e  t r a n s v e r s e  a x i s .  Once a g a i n ,  however ,  t h e  r e c e i v e r  

a n g l e  r e a c h e s  a v a l u e  of a b o u t  10’ a t  t h e  t i m e  r e c e i v e r  a p p l i e d  f i e l d  

c o n d i t i o n s  a r e  c r i t i c a l .  

FIG. 7 CALCULATED TRANSMITTER AND RECEIVER VOLTAGES AND 
ANGLES IN A DELAYED SWITCHING REGIME 
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From a s t u d y  o f  a number o f  s p e c i a l  c a s e s  o f  t h e  above t y p e s  w e  were 
a b l e  t o  form t h e  f o l l o w i n g  c o n c l u s i o n s :  

( 1 )  T r a n s m i t t e r - r e c e i v e r  i n t e r a c t i o n  i n  t h e  g u i d e d  f a l l - b a c k  mode 
i s  a v e r y  s e n s 5 t i v e  f u n c t i o n  o f  t h e  magn i tude  and r e l a t i v e  
t i m i n g  o f  d r i v e  and b i a s  e x c i t a t i o n s .  T h i s  f a c t  would v e r y  
l i k e l y  have  u n p l e a s a n t  consequences  i n  l o g i c  s y s t e m s  c o n t a i n i n g  
many e l e m e n t s  where ma in tenance  o f  s t a b l e  j i t t e r - f r e e  c l o c k  
s o u r c e s  would be a b s o l u t e l y  n e c e s s a r y .  

( 2 )  Low c o e r c i v e - f i e l d  f i l m s  wi th  good r o t a t i o n a l  b e h a v i o r  a p p e a r  
t o  be e s s e n t i a l  t o  s a t i s f a c t o r y  g u i d e d  f a l l - b a c k  o p e r a t i o n ,  
s i n c e  no  s w i t c h i n g  modes were found t h a t  d i d  n o t  i n v o l v e  re- 
c e i v e r  c o n d i t i o n s  t h a t  a r e  known t o  b e  m a r g i n a l .  I n  p a r t i c u l a r ,  
r e c e i v e r  a n g l e  is  a lways  s m a l l  when r e c e i v e r  b a s  i n i t i a l l y  
becomes s m a l l .  Low c o e r c i v e  f i e l d  h a s  a b o u t  t h e  same e f f e c t  
a s  low c o u p l i n g - l o o p  impedance i n  p r o d u c i n g  a mo e f a v o r a b l e  
r a t i o o f f l u x  s w i t c h e d  t o  f l u x  l o s t .  

( 3 )  D i r e c t  f a n - o u t  from one  t r a n s m i t t e r  e l e m e n t  t o  two or more 
p a r a l l e l - c o n n e c t e d  r e c e i v e r  e l e m e n t s  a p p e a r s  t o  be p o s s i b l e  
a l t h o u g h  f i l m s  would have  t o  b e  v e r y  "good"  f o r  t h i s  p u r p o s e .  
The r e a s o n  is  t h a t  a f a n - o u t  o f  two i m p l i e s  a minimum e f f e c t i v e  
c o u p l i n g  l o o p  a t t e n u a t i o n  of 0 . 5  w i t h  r e s p e c t  t o  e a c h  r e c e i v e r  
g u i d i n g  c u r r e n t .  F a n - o u t  from o n e  t r a n s m i t t e r  t o  two or more 
s e r i e s - c o n n e c t e d  receiver  e l e m e n t s  seems t o  be  even  more d i f -  
f i c u l t  b e c a u s e  t r a n s m i t t e d  f l u x  must  d i v i d e  be tween r e c e i v e r  
e l e m e n t s .  
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LV FILM-FABRICATION APPARATUS AND TECHNIQUES 

A. FABRICATION METHODS 

D u r i n g  t h e  p r e l i m i n a r y  p l a n n i n g  s t a g e s  o f  t h e  d e v i c e  f a b r i c a t i o n  

p rogram w e  had  hoped t h a t  i t  might  p rove  f e a s i b l e  t o  “ a s s e m b 1 e ” t h e  r e -  

q u i r e d  c o u p l e d  f i l m  p a i r s  r a t h e r  t h a n  p roduce  them a s  an i n t e g r a t e d  u n i t .  

The me thods  we c o n s i d e r e d  would h a v e  i n v o l v e d  s e v e r a l  s t e p s .  F i r s t ,  a 
r i g i d  s u b s t r a t e  w i t h  a c o n d u c t i v e  c o a t i n g  would h a v e  been  p r e p a r e d  by 
e v a p o r a t i n g  coppe r  or aluminum on g l a s s .  I n  a s econd  e v a p o r a t i o n  p r o c e s s  
i n v o l v i n g  a d i f f e r e n t  vacuum chamber ,  two p e r m a l l o y  f i l m  s p o t s  would have  

been  d e p o s i t e d  on t h e  c o n d u c t i v e  s u b s t r a t e .  S u b s e q u e n t l y  a l a y e r  o f  o r -  

g a n i c  or p l a s t i c  i n s u l a t i o n  would have  been  a p p l i e d  by s p r a y i n g  or d i p p i n g  

t o  an a r e a  c o v e r i n g  t h e  f i l m  s p o t s  and a r e c t a n g u l a r  r e g i o n  be tween them. 

F i n a l l y ,  an uppe r  s t r a p  made from t h i n  m e t a l  f o i l  would have  comple t ed  

t h e  l o o p  around t h e  f i l m  s p o t s  by means o f  c o n n e c t i o n s  made t o  e n d s  o f  t h e  

c o n d u c t i v e  s u b s t r a t e .  

T h i s  g e n e r a l  t y p e  o f  c o n s t r u c t i o n  sounded c o m p a r a t i v e l y  s i m p l e  and 

s t r a i g h t f o r w a r d  and i t  had t h e  a d v a n t a g e  t h a t  a v a i l a b l e  equ ipmen t  might  be 
used  t o  d e p o s i t  t h e  p e r m a l l o y  f i l m s .  On t h e  o t h e r  h a n d ,  a n  i m p o r t a n t  

d a n g e r  e x i s t e d  t h a t  one or more of t h e  u n t r i e d  s t e p s  i n  t h e  p r o p o s e d  

f a b r i c a t i o n  p r o c e s s  would f a i l  t o  work o u t  i n  p r a c t i c e .  T h i s  e v e n t u a l i t y  

would h a v e  l e f t  u s  i n  t h e  awkward p o s i t i o n  of  b e i n g  commit ted  t o  an i m -  
p r a c t i c a l  scheme when p r o j e c t  e f f o r t  had a l r e a d y  r e a c h e d  a n  advanced  

p h a s e .  The a l t e r n a t i v e  was t o  p l a n  f o r  t h e  c o n s t r u c t i o n  o f  d e v i c e s  by 

m u l t i p l e  vacuum e v a p o r a t i o n s  i n  a p i e c e  of  equipment  e s p e c i a l l y  d e s i g n e d  

f o r  t h a t  p u r p o s e .  T h i s  would have  i n v o l v e d  t h e  c o n s t r u c t i o n  of  a r a t h e r  

e l a b o r a t e  p i e c e  of  vacuum a p p a r a t u s ,  b u t  g r e a t e r  f l e x i b i l i t y  and a s s u r a n c e  

i n  f a b r i c a t i o n  t e c h n i q u e s  would h a v e  been s e c u r e d .  

A f t e r  c o n s i d e r a b l e  t h o u g h t  we d e c i d e d  t o  abandon 6 ‘ a s s e m b l y ”  t y p e s  o f  

f i l m  d e v i c e  c o n s t r u c t i o n  i n  f a v o r  o f  t h e  i n t e g r a t e d  approach  i n v o l v i n g  
m u l t i p l e  e v a p o r a t i o n .  T h e r e  were s e v e r a l  r e a s o n s  f o r  making t h i s  d e c i s i o n  

and i t  seems w o r t h w h i l e  t o  l i s t  a few of  t h e s e  i n  o r d e r  t o  i n d i c a t e  t h e  
n a t u r e  o f  t h e  e x p e c t e d  d i f f i c u l t i e s :  



We were a f r a i d  t o  p r o c e e d  under  t h e  a s s u m p t i o n  t h a t  
p e r m a l l o y  f i l m s  would behave s a t i s f a c t o r i l y  when d e -  
p o s i t e d  o n  a b a r e  m e t a l  s u b s t r a t e .  Assuming t h a t  
i n s u l a t i o n  might b e  r e q u i r e d  be tween f i l m  s p o t s  and 
s u b s t r a t e ,  s u c h  i n s u l a t i o n  would h a v e  t o  b e  v e r y  
smooth and s u f f i c i e n t l y  i n e r t  t o  s u r v i v e  t h e  3OO0C 
s u b s t r a t e  t e m p e r a t u r e  r e q u i r e d  f o r  e v a p o r a t i o n  o f  
p e r m a l l o y .  T h i s  i m p l i e d  t h a t  a t h i r d  vacuum e v a p o r a -  
t i o n  o f  someth ing  l i k e  s i l i c o n  monoxide would b e  re- 
q u i r e d  i n  any e v e n t ,  or t h a t  some o t h e r  t e c h n i q u e  
s u c h  a s  s e l e c t i v e  a n o d i z a t i o n  of  t h i n  aluminum f i l m s  
would h a v e  t o  be d e v e l o p e d .  

P r e p a r a t i o n  o f  s u i t a b l e  i n s u l a t i n g  l a y e r s  t o  b e  a p p l i e d  
o u t s i d e  t h e  vacuum chamber might  p r o v e  t o  b e  d i f f i c u l t .  
Some p r e l i m i n a r y  e x p e r i m e n t s  i n  t h i s  d i r e c t i o n  were 
d i s c o u r a g i n g .  I t  was h a r d  t o  a c h i e v e  v e r y  t h i n  l a y e r s  
t h a t  were r e a s o n a b l y  f r e e  from i m p e r f e c t i o n s .  A l s o ,  
some c h e m i c a l  a c t i v i t y  between t h e  i n s u l a t i o n  and t h e  
m a g n e t i c  m a t e r i a l  was no ted .  

C l o s u r e  of t h e  c o u p l i n g  loop by  a s e p a r a t e  m e t a l  f o i l  
s t r a p  p r e s e n t s  a problem of making end c o n n e c t i o n s  t o  
t h e  s u b s t r a t e  c o n d u c t o r .  T h i s  c o u l d  p r o v e  v e r y  t r o u b l e -  
some b e c a u s e  t h e  c l o s u r e  s t r a p  must b e  a v e r y  t h i n  con-  
d u c t o r  t o  a v o i d  e d d y - c u r r e n t  e f f e c t s  and i t  would 
t h e r e f o r e  b e  v e r y  d e l i c a t e ,  E v a p o r a t i o n  of  t h i s  p o r t i o n  
o f  t h e  c o u p l i n g .  l o o p  would b e  e a s y ,  b u t  a g a i n  t h e  u n d e r -  
l y i n g  i n s u l a t i n g  m a t e r i a l  would h a v e  t o  b e  r e l a t i v e l y  
i n e r t .  

One c a n  u s u a l l y  e x p e c t  a h igh  r e j e c t i o n  r a t e  when m u l t i -  
s t e p  p r o c e s s e s  r e q u i r e  much i n t e r m e d i a t e  h a n d l i n g  and 
e x p o s u r e  t o  e n v i r o n m e n t a l  c o n d i t i o n s  t h a t  a r e  n o t  w e l l  
c o n t r o l l e d .  Such p rob lems  c a n  b e  a v o i d e d  i f  a l l  f a b -  
r i c a t i o n  s t e p s  t a k e  p l a c e  i n  t h e  same e v a c u a t e d  chamber 
a t  a p p r o x i m a t e l y  t h e  same t ime. 

B. TWO-ELEMENT REGISTER D E S I G N  

Having  d e c i d e d  on t h e  i n t e g r a t e d  s t r u c t u r e  a s  t h e  most  p r o m i s i n g  

method of  p r o d u c i n g  t h e  d e s i r e d  coup led  f i l m  d e v i c e  w e  p roceeded  t o  d e -  

s i g n  t h e  e x p e r i m e n t a l  two e l e m e n t  r e g i s t e r  shown i n  F i g .  8.  The s u b s t r a t e  

i s  a o n e - b y - t h r e e - i n c h  mic roscope  s l i d e .  Film s p o t s  a r e  a b o u t  o n e  c m  i n  

d i a m e t e r .  O t h e r  d i m e n s i o n s  a r e  a p p r o x i m a t e l y  t o  s c a l e .  The u n i t  r e q u i r e s  

s i x  s e p a r a t e  e v a p o r a t i o n s  i f  magne t i c  e l e m e n t s  a r e  d e p o s i t e d  one  a t  a 

t i m e ,  The t h i c k n e s s  of t h e  v a r i o u s  l a y e r s  i n d i c a t e d  i n  F i g .  8 a r e  ap -  

p r o x i m a t e  and s u b j e c t  t o  e x p e r i m e n t a t i o n ,  Good r o t a t i o n a l  b e h a v i o r  h a s  
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FIG. 8 PRELIMINARY DESIGN FOR A TWO-ELEMENT 
THIN-MAGN ETIC-FILM REGISTER 

b e e n  o b s e r v e d  i n  ou r  own e x p e r i m e n t s  w i t h  p e r m a l l o y  e l e m e n t s  a b o u t  10001 
t h i c k .  The t h i c k n e s s  o f  coppe r  and s i l i c o n  monoxide were s e l e c t e d  t o  

p r o d u c e  a s t r i p  t r a n s m i s s i o n  l i n e  w i t h  an  i t e r a t i v e  impedance o f  a b o u t  

'13 ohm. 

s p e c i f i c a t i o n s  s h o u l d  c o n s e q u e n t l y  be s i m i l a r  t o  t h e  t h e o r e t i c a l  model 

d i s c u s s e d  w i t h  r e f e r e n c e  t o  F i g .  6 .  A p i c t u r e  of  a c o m p l e t e d  two-e l emen t  

r e g i s t e r  h a s  a l r e a d y  been  i l l u s t r a t e d  i n  F i g .  2 .  

The s w i t c h i n g  b e h a v i o r  o f  a d e v i c e  made a c c o r d i n g  t o  t h e s e  

C. VACUUM VAPOR DEPOSITION EQUIPMENT 

The a p p a r a t u s  d e s i g n e d  and b u i l t  f o r  t h e  p u r p o s e  o f  f a b r i c a t i n g  t h e  
m a g n e t i c - f i l m  s t r u c t u r e  i s  shown i n  F i g s .  9 and 10. The d i m e n s i o n s  and 

g e n e r a l  m e c h a n i c a l  d e t a i l s  a r e  d e s i g n e d  t o  be c o m p a t i b l e  w i t h  a s t a n d a r d  

Vecco l a b o r a t o r y  vacuum s y s t e m  h a v i n g  an 1 8 - i n c h  b e l l  j a r ,  To d e s c r i b e  

t h i s  machine w e  c a n  b e g i n  a t  t h e  bot tom and work o u r  way t o  t h e  t o p .  A 
heavy  b a s e  p l a t e  s u p p o r t e d  on t h r e e  l e g s  i s  f i t t e d  w i t h  f o u r  p e r m a n e n t l y  

a f f i x e d  se t s  of  t e r m i n a l s  f o r  f o u r  e v a p o r a t i o n  s t a t i o n s .  S u r r o u n d i n g  and 

e x t e n d i n g  upward from e a c h  e v a p o r a t o r  s t a t i o n  i s  a "ch imney"  c o n s i s t i n g  
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FIG. 9 EVAPORATION EQUIPMENT FOR FABRICATION O F  MULTI-LAYER 
MA GN ET I C- F I L M REG I S T E R S 
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FIG. 10 EVAPORATION EQUIPMENT DISASSEMBLED TO SHOW EVAPORATOR CHIMNEYS 

of  a f l a t t e n e d  p y r e x  g l a s s  t u b e  f o r  t h e  p u r p o s e  o f  c o n f i n i n g  e v a p o r a t e d  

m a t e r i a l s  t o  e a s i l y  c l e a n e d  r emovab le  s u r f a c e s .  Above t h e  e v a p o r a t o r  

“ c h i m n e y s ”  a r e  a s e t  o f  f i x t u r e s  which h o l d  s t a i n l e s s  s t e e l  masks f o r  t h e  

p u r p o s e  o f  d e f i n i n g  t h e  a r e a s  t h r o u g h  which e v a p o r a t e d  m a t e r i a l s  c a n  p a s s .  

J u s t  o v e r  t h e  mask a r r a y  i s  a movable c a r r i a g e  t h a t  s u p p o r t s  t h e  g l a s s  

s u b s t r a t e  on which t h e  t h i n - f i l m  r e g i s t e r  i s  d e p o s i t e d .  T h i s  c a r r i a g e  

c a n  b e  t r a n s p o r t e d  f rom one  e v a p o r a t o r  s t a t i o n  t o  a n o t h e r  by m a n i p u l a t i n g  

one e x t e r n a l  c o n t r o l  c a b l e  t h a t  e n t e r s  t h r o u g h  t h e  b a s e  p l a t e  o f  t h e  
vacuum chamber This c o n t r o l  c a b l e  has  two d e g r e e s  o f  f r eedom.  A t r a n s -  

l a t i o n a l  mo t ion  c a u s e s  t h e  s u b s t r a t e  c a r r i a g e  t o  be  l i f t e d  v e r t i c a l l y  
away f rom t h e  mask a r r a y .  A s u b s e q u e n t  r o t a t i o n a l  m o t i o n  o f  t h e  c a b l e  

moves t h e  c a r r i a g e  t o  a new e v a p o r a t o r  l o c a t i o n .  A f i n a l  t r a n s l a t i o n a l  
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mot ion  o f  t h e  c a b l e  d r o p s  t h e  c a r r i a g e  o n t o  t h e  new mask l o c a t i o n .  T h i s  
t y p e  o f  m e c h a n i c a l  mot ion  e l i m i n a t e s  any s c r a p i n g  or a b r a s i o n  of  t h e  s u b -  

s t r a t e  by mask s t r u c t u r e g  a n d a l l o w s  very  p r e c i s e  i n d e x i n g  of  s u b s t r a t e  

l o c a t i o n  by means of  a number of i n d e x i n g  s l o t s  i n t o  which t h e  c a r r i a g e  
may b e  d r o p p e d .  

Above one  of  t h e  e v a p o r a t o r  s t a t i o n s  ( t h e  one  n o r m a l l y  u s e d  f o r  

e v a p o r a t i o n  of p e r m a l l o y )  i s  a s m a l l  box t h e  same s i z e  a s  t h e  m i c r o s c o p e  

s l i d e  s u b s t r a t e  c o n t a i n i n g  a r e s i s t a n c e  wire h e a t e r .  By r a d i a t i o n ,  t h i s  

h e a t e r  c a n  r a i s e  t h e  s u b s t r a t e  t e m p e r a t u r e  t o  abou t  300°C, t h e  d e s i r e d  

c o n d i t i o n  f o r  p r o d u c i n g  m a g n e t i c  f i l m s  w i t h  good u n i a x i a l  a n i s o t r o p y .  

The h e a t e r  was d e s i g n e d  t o  have  a n e g l i g i b l e  e x t e r n a l  m a g n e t i c  f i e l d  so 

t h a t  f i l m  s p o t s  would n o t  b e  m a g n e t i c a l l y  a f f e c t e d  by i t s  p r e s e n c e .  

S i m i l a r l y ,  m a g n e t i c  f i e l d s  p roduced  by t h e  r e s i s t a n c e  t y p e  e v a p o r a t o r s  
a r e  q u i t e  i n s i g n i f i c a n t .  S u r r o u n d i n g  t h e  e v a p o r a t o r  s t a t i o n  d e v o t e d  t o  

p e r m a l l o y  d e p o s i t i o n  i s  a s e t  o f  c i r c u l a r  He lmho l t z  c o i l s  on s t a i n l e s s  

s t ee l  wind ing  fo rms .  These  c o i l s  a r e  d e s i g n e d  t o  p r o d u c e  a v e r y  homo- 

g e n e o u s  c o n s t a n t  magne t i c  f i e l d  of about  20 o e r s t e d s  o v e r  a r e g i o n  l a r g e r  

t h a n  t h e  t o t a l  l e n g t h  of t h e  s u b s t r a t e .  The l a t t e r  p r e c a u t i o n  i s  n e c e s -  

s a r y  b e c a u s e  m a g n e t i c  s p o t s  a r e  e v a p o r a t e d  one  a t  a time and t h e  f i r s t  
s p o t  t o  be  e v a p o r a t e d  i s  s u b j e c t e d  t o  a 3OO0C a n n e a l i n g  t e m p e r a t u r e  w h i l e  

t h e  second  s p o t  i s  b e i n g  e v a p o r a t e d .  S e p a r a t e  e v a p o r a t i o n  o f  t h e  two 

m a g n e t i c  f i l m  e l e m e n t s  was d e c i d e d  upon f o r  two r e a s o n s .  F i r s t l y ,  t o  

a v o i d  a n i s o t r o p y  e f f e c t s  a s s o c i a t e d  wi th  n o n - p e r p e n d i c u l a r  a n g l e  of i n -  

c i d e n c e  of t h e  e v a p o r a t e d  p e r m a l l o y ,  and s e c o n d l y ,  t o  p e r m i t  e x p e r i m e n t a -  

t i o n  w i t h  r e g i s t e r s  h a v i n g  u n e q u a l  t h i c k n e s s e s  of  t r a n s m i t t e r  and r e c e i v e r  
e l e m e n t s  . 

Over t h e  movable s u b s t r a t e  c a r r i a g e  a r e  a s e t  o f  f i v e  s m a l l  “ d a r k ”  

chambers  c o n t a i n i n g  p h o t o c e l l s  f o r  t h e  p u r p o s e  of  m e a s u r i n g  f i l m  t h i c k -  

n e s s ,  These  chambers  c o n t a i n  two p o r t s .  A lower p o r t  a d m i t s  a s ample  of 

e v a p o r a t e d  m a t e r i a l  f rom one  o f  t h e  e v a p o r a t o r  s t a t i o n s .  T h i s  m a t e r i a l  

f a l l s  on a g l a s s  c o v e r  s l i p  p l a c e d  on t o p  o f  t h e  upper  p o r t .  
l i g h t  s o u r c e  d i r e c t e d  from o u t s i d e  the  b e l l  jar f a l l s  on t h e  uppe r  p o r t .  

A p o r t i o n  o f  t h i s  i n c i d e n t  l i g h t  p a s s e s  t h r o u g h  t h e  sample  o f  e v a p o r a n t  

on t h e  c o v e r  s l i p  and r e a c h e s  t h e  p h o t o c e l l ,  The amount o f  l i g h t  p a s s e d  

i n  t h i s  f a s h i o n  i s  a measure  o f  t h e  t h i c k n e s s  o f  t h e  e v a p o r a t e d  c o a t i n g  

s i m u l t a n e o u s l y  b e i n g  produced  on t h e  s u b s t r a t e .  

f i l m  t h i c k n e s s  ( w i t h  p h o t o c e l l s  i n t e r n a l  t o  t h e  vacuum chamber)  i s  b e l i e v e d  

An e x t e r n a l  

T h i s  method of  m e a s u r i n g  
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t o  b e  n o v e l ,  The l i g h t - s e n s i t i v e  e l e m e n t s  used  f o r  t h i s  p u r p o s e  were 

cadmium s u l f i d e  pho to  r e s i s t o r s  made by F e r r o x c u b e  Corp.  They a r e  p a r -  
t i a l l y  e n c a p s u l a t e d  i n  g l a s s  b u t  t he re  i s  an exposed  s u r f a c e  o f  epoxy 

r e s i n  m a t e r i a l  a round  t h e  b a s e  o f  each  p h o t o c e l l .  D e s p i t e  t h e  i n c l u s i o n  

o f  t h i s  m a t e r i a l  i n  t h e  vacuum chamber no  t r o u b l e s  w i t h  e v a c u a t i o n  or 

o u t - g a s s i n g  were e x p e r i e n c e d .  S i m i l a r l y ,  t h e  u s e  o f  wire i n  t h e  He lmho l t z  

c o i l s  h a v i n g  Formex i n s u l a t i o n  c a u s e d  no  vacuum d i f f i c u l t i e s .  

D. PRELIMINARY TESTING 

Choice o f  c o n s t r u c t i o n  t e c h n i q u e s  f o r  t h e  v a r i o u s  e v a p o r a t o r  s o u r c e s  

r e q u i r e d  c o n s i d e r a b l e  e x p e r i m e n t a t i o n .  R e s i s t a n c e  h e a t e r s  were used  i n  

e v e r y  c a s e  b u t  i n i t i a l  d e s i g n s  had too  l a r g e  a c r u c i b l e  s i z e ,  l e a d i n g  t o  
e x c e s s i v e  power r e q u i r e m e n t s  and consequen t  o v e r h e a t i n g  of  p o r t i o n s  o f  

t h e  s u r r o u n d i n g  a p p a r a t u s .  E v e n t u a l l y  w e  h i t  upon t h e  f o l l o w i n g  s a t i s -  

f a c t o r y  a r r angemen t  f o r  t h e  coppe r  and p e r m a l l o y  e v a p o r a t o r s .  Sma l l  

c r u c i b l e s ,  ?4 i n c h  i n  d i a m e t e r  and % i n c h  long  were machined f rom raw 
a l u m i n a  r o d - s t o c k  and f i r e d .  T i g h t l y  c o i l e d  t u n g s t e n  h e a t e r s  were h o t -  

formed t o  p r o d u c e  a v e r y  s n u g  f i t  around t h e  s m a l l  c r u c i b l e s .  T h i s  

h e a t e r - c r u c i b l e  c o m b i n a t i o n  was p l a c e d  i n s i d e  a s e c o n d ,  l a r g e r  a lumina  

c r u c i b l e  ( g  i n c h  by 1 i n c h )  w i t h  a g l a z e d  i n t e r i o r  s u r f a c e .  The  o u t e r  

c r u c i b l e  p r o v i d e d  a r a d i a n t - e n e r g y  r e f l e c t o r  and b a f f l e  t h a t  d i r e c t e d  

a s u b s t a n t i a l  amount of  h e a t  back  toward t h e  i n t e r i o r  h e a t e r - c r u c i b l e  

c o m b i n a t i o n .  U s i n g  t h i s  t y p e  o f  e v a p o r a t o r  s o u r c e  we were a b l e  t o  a c h i e v e  

f a s t  d e p o s i t i o n  r a t e s  o f  b o t h  coppe r  and p e r m a l l o y  w i t h  o n l y  a l i t t l e  more 

t h a n  100 w a t t s  o f  h e a t e r  power.  W i t h  t h e  v e r y  m a s s i v e  c o n s t r u c t i o n  o f  

o u r  e v a p o r a t i o n  a p p a r a t u s  no s i g n i f i c a n t  amount o f  o v e r - h e a t i n g  o f  any  

s u r f a c e s  was o b s e r v e d  unde r  t h e s e  c o n d i t i o n s .  

E v a p o r a t i o n  o f  s i l i c o n  monoxide p r e s e n t e d  a d i f f e r e n t  p rob lem.  T h i s  

m a t e r i a l  v a p o r i z e s  a t  a r e a s o n a b l y  low t e m p e r a t u r e ,  b u t  h a s  a d i s t u r b i n g  

t e n d e n c y  t o  “ p o p - c o r n . ”  T h a t  i s ,  s m a l l  p a r t i c l e s  a r e  e j e c t e d  f rom t h e  

s o u r c e  c a u s i n g  i m p e r f e c t i o n s  i n  t h e  e v a p o r a t e d  l a y e r .  A f t e r  some e x p e r i -  

m e n t a t i o n  w e  s e t t l e d  upon an a r r angemen t  i n  which an a lumina  c r u c i b l e  o f  

% i n c h  by 1 i n c h  s i z e  c o n t a i n i n g  a l a r g e  q u a n t i t y  of  g r a n u l a t e d  s i l i c o n  
monoxide i s  h e a t e d  r a d i a n t l y  from above by a f l a t  s p i r a l  t u n g s t e n  h e a t e r .  

T h i s  method worked v e r y  w e l l  when e v a p o r a t i o n  r a t e s  were k e p t  r e l a t i v e l y  

low. Some p r e l i m i n a r y  t e s t s  o f  i n s u l a t i o n  q u a l i t y  o f  S i0  l a y e r s  be tween 

c o p p e r  l a y e r s  were made as  soon  a s  t h e  e v a p o r a t o r  s y s t e m  w a s  i n  o p e r a t i o n .  
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P e c u l i a r  breakdown e f f e c t s  were obse rved  a t  e l e c t r i c  f i e l d s  o f  1 0  t o  
20 k i l o v o l t s  p e r  c e n t i m e t e r  which were p r o b a b l y  due  t o  p i n h o l e s .  

v o l t a g e s  o f  t h e  magn i tude  we e x p e c t e d  i n  dynamic o p e r a t i o n  of t h i n - f i l m  

d e v i c e s ,  however ,  t h e  S i 0  l a y e r s  appea red  t o  b e  good i n s u l a t o r s .  I n d e e d ,  

For  

no  d i f f i c u l t i e s  were l a t e r  

e l a b o r a t e  t h i n - f i l m  d e v i c e s  

E .  EVAPORATION SCHEDULE 

The f o l l o w i n g  d e s c r i p t  

x p e r i e n c e d  w i t h  i n s u l a t i o n  q u a l i t y  when more 

were c o n s t r u c t e d .  

FOR TWO-ELEMENT REGISTER 

on of  a t y p i c a l e v a p o r a t i o n  s c h e d u l e  f o r  a two- 

e l e m e n t  r e g i s t e r  i s  q u i t e  a b b r e v i a t e d ,  o m i t t i n g  many p o i n t s  which mere ly  

r e f l e c t  good ,  s t a n d a r d  high-vacuum p r o c e d u r e s .  

A c l e a n  g l a s s  s u b s t r a t e  i s  p l a c e d  i n  t h e  s u b s t r a t e  c a r r i a g e ,  t h e  s y s -  

t e m  i s  e v a c u a t e d ]  and t h e  s e v e r a l  e v a p o r a n t  s o u r c e s  a r e  o u t - g a s s e d  a t  

t e m p e r a t u r e s  n e a r  t h e i r  e v a p o r a t i n g  t e m p e r a t u r e s .  Dur ing  t h i s  p r e l i m i n a r y  

o u t - g a s s i n g ,  t h e  s u b s t r a t e  c a r r i a g e  is maneuvered t o  a v o i d  any a c c i d e n t a l  

d e p o s i t i o n  o f  m a t e r i a l  on t h e  s u b s t r a t e ,  A f t e r  t h i s  o p e r a t i o n ]  s y s t e m  

p r e s s u r e  s h o u l d  b e  abou t  2 X mm of mercu ry ,  The s u b s t r a t e  i s  t r a v e r s e d  

t o  t h e  f i r s t  c o p p e r  s t a t i o n  and t h e  l o w e r  c o u p l i n g - l o o p  s t r a p  i s  d e p o s i t e d .  

T h i c k n e s s  i s  m o n i t o r e d  by t h e  a p p r o p r i a t e  p h o t o c e l l .  The s u b s t r a t e  i s  n e x t  

t r a v e r s e d  t o  t h e  s i l i c o n  monoxide s t a t i o n  where  a l a y e r  o f  i n s u l a t i o n  i s  
e v a p o r a t e d .  F o l l o w i n g  t h i s ,  t h e  s u b s t r a t e  i s  moved t o  t h e  p e r m a l l o y  s t a -  
t i o n  and  o r i e n t e d  w i t h  one  s p o t  l o c a t i o n  d i r e c t l y  o v e r  t h e  e v a p o r a t o r  s o u r c e ,  

The s u b s t r a t e  h e a t e r  i s  now e n e r g i z e d  and a p e r i o d  o f  10 m i n u t e s  i s  a l l o w e d  

t o  e l a p s e  t o  b r i n g  t h e  s u b s t r a t e  t e m p e r a t u r e  i n t o  t h e  300"- to-350"C r a n g e .  

The He lmho l t z  c o i l s a r e  now t u r n e d  on and t h e  f i r s t  p e r m a l l o y  s p o t  i s  evapo-  

r a t e d .  The s u b s t r a t e  i s  t r a v e r s e d  t o  a new i n d e x  p o s i t i o n  a b o u t  one  i n c h  
removed f rom t h e  f i r s t ,  and t h e  second s p o t  i s  e v a p o r a t e d ,  Masking a p e r -  

t u r e s  a r e  a r r a n g e d  s o  t h a t  s e p a r a t e  p h o t o c e l l s  may b e  u s e d  t o  m o n i t o r  t h e  
t h i c k n e s s  o f  e a c h  s p o t .  

h e a t e r  i s  t u r n e d  o f f  and t h e  s u b s t r a t e  i s  a l l o w e d  t o  c o o l  i n  t h e  p r e s e n c e  

o f  t h e  a p p l i e d  m a g n e t i c  f i e l d  f o r  about  30 m i n u t e s ,  S u b s e q u e n t l y ,  t h e  

He lmho l t z  c o i l s  a r e t u r n e d  o f f ,  t h e  s u b s t r a t e  i s  b r o u g h t  b a c k  t o  t h e  s i l i c o n  

monoxide s t a t i o n  f o r  a s econd  a p p l i c a t i o n  o f  i n s u l a t i o n ,  and f i n a l l y  t r a v -  

e r s e d  t o  t h e  second  coppe r  s t a t i o n  where t h e  t o p  c o u p l i n g - l o o p  s t r a p  i s  

e v a p o r a t e d .  Dur ing  a l l  o f  t h e s e  o p e r a t i o n s  t h e  p r e s s u r e  s h o u l d  n o t  r i s e  

above  a b o u t  1 or 2 X lo- '  mm o f  mercury a t  t h e  s y s t e m  i o n i z a t i o n  gauge .  

F o l l o w i n g  t h e  p e r m a l l o y  e v a p o r a t i o n s  t h e  s u b s t r a t e  
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A few o t h e r  d e t a i l s  o f  t h e  f a b r i c a t i o n  p r o c e s s  a r e  wor th  m e n t i o n i n g ,  
P e r m a l l o y  f o r  t h e  m a g n e t i c - s p o t  e v a p o r a t i o n s  was i n i t i a l l y  s a l v a g e d  f rom 

a sample  o f  m a t e r i a l  t h a t  had produced  good s i n g l e  m a g n e t i c  f i l m s  i n  a 

p r e v i o u s  e x p e r i m e n t a l  a c t i v i t y  i n v o l v i n g  a d i f f e r e n t  vacuum s y s t e m  and 
a d i f f e r e n t  method o f  e v a p o r a t i o n .  

r a t e d  a t  a r e l a t i v e l y  s l o w  r a t e  ( 2  t o  s e v e r a l  m i n u t e s  f o r  a 1 0 0 0 1  f i l m )  

i n  o u r  newer s y s t e m  w e  h a v e  r e a s o n  t o  b e l i e v e  t h a t  m e l t  c o m p o s i t i o n  changed  

o v e r  a p e r i o d  o f  s e v e r a l  e v a p o r a t i o n s .  L a t e r  r u n s  were made w i t h  p e r m a l l o y  

s o u r c e s  p roduced  by m e l t i n g  down 83% - 17% m i x t u r e s  o f  s p e c t r o s c o p i c a l l y  

p u r e  n i c k e l  and i r o n  powders .  Some anomalous e f f e c t s  were a l s o  n o t e d  i n  

making t h i c k n e s s  measurements  w i t h  t h e  i n t e r n a l  p h o t o c e l l s .  Use of  a 

mercu ry  arc  l i g h t  s o u r c e  i n s t e a d  o f  an i n c a n d e s c e n t  lamp h e l p e d  a g r e a t  
d e a l  i n  o b t a i n i n g  r e p r o d u c i b l e  c a l i b r a t i o n s  on t h i c k n e s s  b u t  i t  was s t i l l  
n e c e s s a r y  t o  t u r n  o f f  t h e  e v a p o r a t i o n  s o u r c e  t o  o b t a i n  a n  a c c u r a t e  t h i c k -  

n e s s  r e a d i n g .  The l a s t  e f f e c t  i s  due t o  s t r a y  l i g h t  t h a t  f i n d s  i t s  way 

f rom t h e  i n c a n d e s c e n t  e v a p o r a t o r  c o i l  t o  t h e  p h o t o c e l l .  

Al though m a g n e t i c  m a t e r i a l  was evapo-  

27 



V ELECTRICAL MEASUREMENTS 

A. PULSED FIELD EQUIPMENT 

A l l  o f  o u r  e x p e r i m e n t a l  measurements  on c o u p l e d  f i l m  d e v i c e s  were 

c a r r i e d  o u t  i n  a f i e l d - f r e e  envi ronment  p r o v i d e d  by a s e t  o f  2 0 - i n c h  

H e l m h o l t z  c o i l s s h o w n  i n  F i g .  11. A t  t h e  c e n t e r  o f  t h i s  c o i l - c u b e ,  and 
i n  a s u b s t a n t i a l  volume o f  s p a c e  abou t  t h e  c e n t e r ,  e a r t h ’ s  f i e l d  can  b e  

n u l l i f i e d  t o  an  a c c u r a c y  of  a b o u t  0 . 0 1  o e r s t e d .  A H e w l e t t - P a c k a r d  c l i p -  

on d c  m i l l i a m m e t e r  w i t h  t h e  j a w s  propped  open  s e r v e s  a s  a c o n v e n i e n t  

g a u s s - m e t e r  f o r  c a r r y i n g  o u t  t h e  n u l l i n g  o p e r a t i o n .  T h r e e  r e g u l a t e d  c u r -  

r e n t  s u p p l i e s  f u r n i s h  t h e  i n d e p e n d e n t l y  a d j u s t a b l e  c u r r e n t s  f o r  t h e  t h r e e  
o r t h o g o n a l  He lmho l t z  c o i l  w ind ings .  A t  t h e  c e n t e r  o f  t h e  He lmho l t z  cube  

i s  a s e t  o f  a d j u s t a b l e  l u c i t e  f i x t u r e s  which h o l d  t h e  t h i n - f i l m  reg is te r  

and s u p p o r t  t h e  d r i v e ,  b i a s  and c l e a r  w i n d i n g s  ( s e e  F i g .  1 2 ) .  T h e s e  

w i n d i n g s  form two o r t h o g o n a l  s e t s  which c a n  a p p l y  f a i r l y  homogeneous mag- 

n e t i c  f i e l d s  t o  e i t h e r  f i l m  e l e m e n t  i n  t h e  e a s y  or t r a n s v e r s e  a x i s  d i -  

r e c t i o n s .  Each wind ing  c o n s i s t s  o f  10 t u r n s  o f  Number 32 wire and 
p r e s e n t s  an i n d u c t a n c e  of a b o u t  1 . 3  mic rohenry  t o  t h e  c u r r e n t  d r i v e r s .  

F i e l d  c a l i b r a t i o n  d a t a  f o r  t h e s e  c o i l s  i s  6 .5  o e r s t e d s  p e r  ampere f o r  
t h e  i n n e r m o s t  d r i v e  and b i a s  windings  and 4 - 9  o e r s t e d  p e r  ampere f o r  t h e  

o u t e r  c l e a r  w ind ings .  Both s e t s  o f  c o i l s  may b e  a d j u s t e d  i n d e p e n d e n t l y  

f o r  a n g u l a r  p o s i t i o n .  

T h r e e  t y p e s  o f  c u r r e n t  d r i v e r  p u l s e  s o u r c e s  were used  i n  t h e  s w i t c h i n g  

e x p e r i m e n t s .  A m u l t i - c h a n n e l  l a b o r a t o r y  p u l s e  g e n e r a t o r  u s i n g  h a r d - t u b e s  

i n  t h e  o u t p u t  c i r c u i t s  p r o v i d e d  a programmed c h a i n  o f  p u l s e s  a d j u s t a b l e  

i n  a m p l i t u d e  from z e r o  t o  a few amperes  and w i t h  r i s e  and f a l l  times of 
a b o u t  200  nanoseconds .  

D i g i t a l  Equipment  Corp. p r o v i d e d  s i m i l a r  c u r r e n t  p u l s e s  w i t h  r i s e  and 

f a l l  t imes o f  a b o u t  1 0 0  nanoseconds .  

p u l s e d  f i e l d s ,  two e x t r a  p u l s e  c h a n n e l s  were c o n s t r u c t e d  i n  which a 

2D21 t h y r a t r o n  d i s c h a r g e d  a c o a x i a l  c a b l e ,  

m a t i c a l l y  i n  F i g .  

f a l l  t imes o f  abou t  20  n a n o s e c o n d s ,  l i m i t e d  by t h e  i n d u c t a n c e  o f  t h e  

d r i v e n  wind ings .  

A s econd  s e t  o f  p u l s e r s  m a n u f a c t u r e d  by 

For  e x p e r i m e n t s  r e q u i r i n g  f a s t e r  

T h i s  p u l s e  s o u r c e  shown s c h e -  

13 produced  p u l s e s  o f  up t o  6 amperes  w i t h  r i s e  and 
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FIG. 11 ELECTRICAL TEST APPARATUS 
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O u t p u t  v o l t a g e s  p roduced  by t h e  t h i n - f i l m  e l e m e n t s  d u r i n g  s w i t c h i n g  

a r e  s e n s e d  by a t r a n s i s t o r  wide-band d i f f e r e n t i a l  p r e a m p l i f i e r .  Con--  
n e c t i o n  t o  t h e  p r e a m p l i f i e r  i s  made by a v e r y  t h i n  t w i s t e d  l e a d - p a i r  

which i s  a t t a c h e d  d i r e c t l y  t o  t h e  m i d - p o i n t  o f  t h e  e v a p o r a t e d  c o u p l i n g  

l o o p .  The  method o f  a t t a c h m e n t  i s  shown i n  F i g .  8. 

B. EXPERIMENTAL RESULTS 

1. SINGLE FILM SPOT WITH EVAPORATED COUPLING LOOP 

B e f o r e  p r o c e e d i n g  

made a sample  r e g i s t e r  

c o u p l i n g  l o o p  w i t h  one  

was d i m e n s i o n a l l y  s i m i  
f o r  i n v e s t i g a t i n g  t h i s  

measu remen t s  t h a t  woul’ 

f i l m  s p o t .  

w i t h  t h e  c o n s t r u c t i o n  o f  two-e l emen t  r e g i s t e r s  w e  

h a v i n g  o n l y  one m a g n e t i c - f i l m  s p o t  s i t u a t e d  i n  a 

end o p e n - c i r c u i t e d .  I n  o t h e r  r e s p e c t s  t h i s  d e v i c e  

a r  t o  s u b s e q u e n t  two-e lement  r e g i s t e r s .  The r e a s o n  
d e v i c e  was t h a t  we wished  t o  make f l u x  s w i t c h i n g  

be f r e e  from l o a d i n g  e f f e c t s  p roduced  by a second  

The  f i r s t  e x p e r i m e n t  t r i e d  was a measurement  o f  t h e  g u i d e d  f a l l - b a c k  

b e h a v i o r  of t h e  s i n g l e  f i l m  e l e m e n t .  

m a t i c a l l y  i l l u s t r a t e d  i n  F i g .  14. A l a r g e  c l e a r i n g  f i e l d  i s  r e p e a t e d l y  

a p p l i e d  t o  e s t a b l i s h  t h e  f i l m  e l emen t  i n  a s a t u r a t e d  e a s y - a x i s  d i r e c t i o n .  

F o l l o w i n g  t h e  c l e a r  f i e l d  a s m a l l  g u i d i n g  f i e l d  i s  a p p l i e d  i n  t h e  o p p o s i t e  

e a s y - a x i s  d i r e c t i o n .  A f t e r  t h e  g u i d e  f i e l d  i s  e s t a b l i s h e d  a s t r o n g  t r a n s -  

v e r s e  f i e l d  d r i v e s  t h e  f i l m  m a g n e t i z a t i o n  t o  t h e  t r a n s v e r s e  a x i s .  The 

t r a n s v e r s e  f i e l d  i s  t h e n  r e l a x e d  and t h e  s m a l l  g u i d i n g  f i e l d  a t t e m p t s  t o  

r e t u r n  f i l m  m a g n e t i z a t i o n  t o  t h e  o p p o s i t e  e a s y - a x i s  d i r e c t i o n  ( f r o m  t h e  

c l e a r  s t a t e ) .  

c l e a r  t ime is a measure  of t h e  t o t a l  change  of  f l u x  i n  t h e  e l e m e n t  a f t e r  

o n e  s w i t c h i n g  c y c l e .  

d i r e c t i o n  and t h e  t i m e - i n t e g r a l  o f  t he  p u l s e  o b s e r v e d  a t  c l ea r  t i m e  would 

b e  24. The v o l t a g e  p u l s e  t h a t  c o i n c i d e s  w i t h  t h e  t r a i l i n g  edge  o f  t h e  

t r a n s v e r s e  d r i v e  p u l s e  measu res  t h e  amount of  f l u x  a c t u a l l y  s t e e r e d  by 

t h e  g u i d i n g  f i e l d  d u r i n g  f a l l - b a c k .  
a r e a  e q u a l  t o  4. 

The e x p e r i m e n t a l  s e t - u p  i s  s c h e -  

The v o l t a g e  p u l s e  obse rved  a c r o s s  t h e  c o u p l i n g  l o o p  a t  

I n  a n  i d e a l  t r a n s f e r  M would c o m p l e t e l y  r e v e r s e  

I d e a l l y  t h i s  p u l s e  would h a v e  an 

A g r a p h  o f  g u i d e d  f l u x  v e r s u s  g u i d i n g  f i e l d  i s  shown i n  F i g .  14 f o r  

two d i f f e r e n t  methods  o f  a p p l y i n g  t h e  g u i d i n g  f i e l d .  

“homogeneous f i e l d ”  r e p r e s e n t s  t h e  c a s e  where g u i d i n g  f i e l d  was p roduced  

by  a s e t  of  He lmho l t z  c o i l s 1 0  cm i n  d i a m e t e r  l o c a t e d  a round  t h e  f i l m  s p o t .  

The g r a p h  marked 
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FIG. 1 4  SINGLE-ELEhlENT GUIDED FALL-BACK EXPERIMENT T Y P E  1 

I n  t h i s  c a s e  t h e  g u i d i n g  f i e l d  was known t o  b e  v e r y  u n i f o r m .  
marked " c l e a r - c o i l  f i e l d "  was o b t a i n e d  when g u i d i n g  f i e l d  was a p p l i e d  by 

o n e  o f  t h e  s m a l l  c l e a r  w i n d i n g s  v i s i b l e  a s  t h e  o u t e r  s e t  o f  c o n d u c t o r s  

i n  F i g .  1 2 .  I n  t h e  l a t t e r  c a s e  t h e  f i e l d  i s  n o t  v e r y  u n i f o r m  o v e r  a 

volume as l a r g e  a s  t h e  f i l m  s p o t .  I n  t h e  homogeneous f i e l d  c a s e  i t  c a n  

b e  s e e n  t h a t  a g u i d i n g  f i e l d  o f  a b o u t  0 . 5  o e r s t e d  p r o d u c e d  e s s e n t i a l l y  

c o m p l e t e  s w i t c h i n g  of t h e  f i l m  e l e m e n t .  I n  t h e  n o n - u n i f o r m  f i e l d  s i t u a -  

t i o n ,  n e a r l y  d o u b l e  t h i s  amount o f  g u i d i n g  f i e l d  was r e q u i r e d  a s  measu red  

a t  t h e  c e n t e r  o f  t h e  e l e m e n t .  

The g r a p h  
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A p a i r  o f  h y s t e r e s i s  l o o p s  f o r  t h e  s i n g l e - e l e m e n t  r e g i s t e r  i s  shown 

i n  F i g .  14 .  It c a n  b e  s e e n  t h a t  t h e  t r a n s v e r s e  l o o p  i s  r a t h e r  p o o r e r  

t h a n  o n e  migh t  hope  f o r .  T h i s  p a r t i c u l a r  f i l m  s p o t  was,  however ,  a b o u t  
5000; t h i c k  which c o u l d  a c c o u n t  f o r  t h e  n o n - i d e a l  t r a n s v e r s e  l o o p .  

t h e l e s s  t h e  r o t a t i o n a l  b e h a v i o r  obse rved  unde r  homogeneous f i e l d  c o n d i -  

t i o n s  was n o t  bad .  

i s  5 o e r s t e d s  so t h a t  g u i d i n g  was e s s e n t i a l l y  p e r f e c t  f o r  a f i e l d  o f  

1 0  p e r c e n t  o f  H,. T h i s  c o r r e s p o n d s  t o  one  o f  t h e  s t a t i c  e q u i l i b r i u m  

t r a j e c t o r i e s  i l l u s t r a t e d  i n  F i g .  3. I t  i n d i c a t e s  t h a t  c o m p l e t e  c o h e r e n t  

r o t a t i o n  i s  p r e s e r v e d  t o  an a n g l e  o f  58" away from t h e  e a s y  a x i s .  A c c o r d i n g  

t o  t h e  t h e o r e t i c a l  a n a l y s i s  i n  Sec .  111 t h i s  r o t a t i o n a l  b e h a v i o r  would p r o b -  

a b l y  n o t  b e  good enough t o  e f f e c t  a loss less  t r a n s f e r  be tween two f i l m  

e l e m e n t s  . 

Never-  

The H, v a l u e  t a k e n  from t h e  h y s t e r e s i s  l o o p  measurements  

A s e c o n d  e x p e r i m e n t  o f  t h e  gu ided  f a l l - b a c k  t y p e  was u n d e r t a k e n  t o  

d e t e r m i n e  how t h e  f i l m  s p o t  would respond t o  a g u i d i n g  f i e l d  a p p l i e d  by 

t h e  c o u p l i n g  l o o p  i t s e l f .  T h i s  i s  t h e  s i t u a t i o n  t h a t  would h a v e  t o  work 

s a t i s f a c t o r i l y  i n  a two-e l emen t  r e g i s t e r  where g u i d i n g  f i e l d  i s  p roduced  

by a v o l t a g e  p u l s e  a t  t h e  t r a n s m i t t e r  e l e m e n t  d r i v i n g  c u r r e n t  i n t o  t h e  

c o u p l i n g  l o o p .  The e x p e r i m e n t a l  s e t - u p  i s  s c h e m a t i c a l l y  i l l u s t r a t e d  i n  

F i g .  15 .  A g a i n ,  t h e  f i l m  e l e m e n t  i s  r e p e a t e d l y  c l e a r e d  t o  e s t a b l i s h  a 

d e f i n i t e  r e f e r e n c e  s t a t e .  A t r a n s v e r s e  b i a s  is  a p p l i e d  f o l l o w i n g  t h e  

l a s t  c l e a r i n g  p u l s e .  

b i a s  p u l s e  a f a s t  ( 0 . 1 5  ps) p u l s e  of g u i d i n g  c u r r e n t  i s  a p p l i e d  d i r e c t l y  

t o  t h e  c o u p l i n g  l o o p  s t r a p s .  T h i s  c u r r e n t  p u l s e  i s  meant t o  s i m u l a t e  t h e  

c u r r e n t  t h a t  would f l o w  from a t r a n s m i t t e r  e l e m e n t  s w i t c h e d  a t  a s i m i l a r  

s p e e d .  The p h o t o g r a p h  i n  F i g .  15 shows a c o m p o s i t e  se r ies  of  waveforms 

o b s e r v e d  f o r  one  p a r t i c u l a r  v a l u e  of  g u i d i n g  f i e l d  a p p l i e d  i n  two d i f f e r e n t  

e a s y - a x i s  d i r e c t i o n s .  The upper  t r a c e s  show t h e  t r a n s v e r s e  b i a s  f i e l d  and 

t h e  two d i f f e r e n t  p o l a r i t i e s  of  g u i d i n g  f i e l d  a p p l i e d  j u s t  a s  t h e  t r a n s -  
v e r s e  p u l s e  i s  d e c a y i n g  toward  z e r o .  The lower t r a c e s  r e p r e s e n t  t h e  

v o l t a g e s  o b s e r v e d  a t  t h e  c o u p l i n g  loop  u n d e r  t h e  f o l l o w i n g  f o u r  c o n d i t i o n s  

l i s t e d  i n  o r d e r  o f  a m p l i t u d e  from l a r g e s t  t o  s m a l l e s t :  

C o i n c i d e n t  w i t h  t h e  t r a i l i n g  e d g e  of  t h e  t r a n s v e r s e  

( 1 )  P o s i t i v e  g u i d i n g  f i e l d  
( 2 )  No g u i d i n g  f i e l d  

( 3 )  N e g a t i v e  g u i d i n g  f i e l d  

( 4 )  No t r a n s v e r s e  b i a s .  
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The s i g n i f i c a n t  waveforms a r e  t h e  na r row p u l s e s  i n  t h e  lower r i g h t  o f  

t h e  p h o t o g r a p h .  O t h e r  s i g n a l s  on t h e  s e n s e  w i n d i n g  a r e  m e a n i n g l e s s  n o i s e  

and r i n g i n g  due  t o  a p p l i e d  d r i v e  and g u i d e  c u r r e n t s .  The v o l t a g e s  a t  t h e  
s e n s e  l e a d s  of t h e  c o u p l i n g  l o o p  d u r i n g  c l e a r  t ime m e a s u r e  t h e  amount o f  

f l u x  g u i d e d  t o w a r d  one  of t h e  e a s y - a x i s  d i r e c t i o n s .  The l a r g e s t  s e n s e  

p u l s e  r e p r e s e n t s  a c o m p l e t e  r e v e r s a l  of t h e  f i l m  m a g n e t i z a t i o n .  I t s  a r e a  

i s  24. The p u l s e  r i s i n g  t o  e x a c t l y  h a l f  t h i s  a m p l i t u d e  o c c u r r e d  when 
no g u i d i n g  f i e l d  was a p p l i e d .  Thus t h e  f i l m  m a g n e t i z a t i o n  d i d  n o t  r e t u r n  

t o  e i t h e r  e a s y - a x i s  d i r e c t i o n  and t h e  f i l m  b r o k e  up i n t o  domains ,  The 

s u b s e q u e n t  c l e a r  p u l s e  c o n s e q u e n t l y  s w i t c h e d  o n l y  an amount o f  f l u x  4 i n  



r e - e s t a b l i s h i n g  t h e  e a s y - a x i s  m a g n e t i z a t i o n  c o n d i t i o n .  T r a c e  ( 3 )  i n  

F i g .  
h a v e  a l l  r e t u r n e d  t o  t h e  o r i g i n a l  e a s y - a x i s  d i r e c t i o n ,  From t h e  s i z e  o f  

t h e  v o l t a g e  p u l s e  s e e n  a t  c l e a r  t i m e  one c a n  i n f e r  t h a t  t h e  g u i d i n g  was 

n o t  c o m p l e t e  i n  t h e  c a s e  i l l u s t r a t e d  s i n c e  no  s w i t c h i n g  v o l t a g e  s h o u l d  

o c c u r  d u r i n g  c l e a r i n g  i f  r e t u r n  t o  t h e  o r i g i n a l  e a s y  a x i s  was c o m p l e t e .  

The f i n a l  v o l t a g e  p u l s e  (or l a c k  o f  i t )  was mere ly  i n c l u d e d  t o  show t h e  
amount o f  n o i s e  v o l t a g e  induced  i n  t h e  c o u p l i n g  l o o p  by t h e  c l e a r  p u l s e ,  

No a c t u a l  f l u x  change  o t h e r  t h a n  a very  s m a l l  amount o f  e l a s t i c  s w i t c h i n g  

i n  t h e  f i l m  e l e m e n t  o c c u r r e d  a t  t h i s  t i m e  b e c a u s e  no t r a n s v e r s e  b i a s  was 

p r e v i o u s l y  a p p l i e d .  

15 r e p r e s e n t s  t h e  c o n d i t i o n  i n  which t h e  f i l m  m a g n e t i z a t i o n  s h o u l d  

By means of  e x p e r i m e n t s  o f  t h i s  t y p e  w e  were a b l e  t o  e s t i m a t e  t h e  
amount o f  g u i d i n g  f i e l d  and g u i d i n g  c u r r e n t  r e q u i r e d  t o  s u c c e s s f u l l y  

s t ee r  t h e  r e c e i v e r  e l e m e n t .  For  t h e  s i n g l e  f i l m  d e v i c e  t e s t e d  t h e s e  

f i g u r e s  came o u t  t o  b e  q u i t e  c l o s e  t o  t h e  g u i d i n g  f i e l d  s t r e n g t h s  meas- 

u r e d  w i t h  t h e  inhomogeneous f i e l d  produced by t h e  c l e a r  c o i l  and i l l u s -  

t r a t e d  a s  t h e  d o t t e d  g r a p h  i n  F i g .  14. A t e n t a t i v e  c o n c l u s i o n  f rom t h i s  

d a t a  i s  t h a t  t h e  f i e l d  produced  by t h e  c o u p l i n g  l o o p  is  n o t  s u f f i c i e n t l y  

u n i f o r m  and t h a t  a w ide r  c o u p l i n g - l o o p  s t r a p  c o v e r i n g  a l l  o f  t h e  f i l m  

e l e m e n t  would b e  more d e s i r a b l e .  

t h e  f i l m  s p o t  was a r e a s o n a b l y  good c o h e r e n t  " r o t a t o r " o n 1 y  a t  low 

s w i t c h i n g  s p e e d s .  

r o t a t i o n a l  b e h a v i o r  began  t o  d e t e r i o r a t e .  I n  any e v e n t ,  t h e  peak  g u i d i n g  

c u r r e n t  r e q u i r e d  t o  c o m p l e t e l y  s teer  t h e  e l e m e n t  was abou t  0 . 7 5  ampere 

i n  t h e  c o u p l i n g  loop .  

s w i t c h i n g  o f  a t r a n s m i t t e r  e l e m e n t  o f  s i m i l a r  t h i c k n e s s  working  i n t o  a 

s h o r t - c i r c u i t e d  c o u p l i n g  loop .  A s  p o i n t e d  o u t  i n  Sec. 1 1 1 ,  however ,  

r e c e i v e r  v o l t a g e  s e r i o u s l y  l i m i t s  c u r r e n t  f l o w  f rom a t r a n s m i t t e r  e l e -  

ment s o  t h a t  i t  i s  d o u b t f u l  whe the r  t h e  f i l m  e l e m e n t  measured  c o u l d  h a v e  

been  s u c c e s s f u l l y  s w i t c h e d  by an i d e n t i c a l  t r a n s m i t t e r  e l e m e n t .  

Another  p o s s i b l e  e x p l a n a t i o n  i s  t h a t  

When h i g h e r - s p e e d  g u i d i n g  p u l s e s  were a p p l i e d  t h e  

T h i s  c u r r e n t  c o u l d  e a s i l y  b e  p roduced  by f a s t  

2. COUPLED FILM PAIRS 

As soon a s  w e  began  t o  make r e g i s t e r s  w i t h  two m a g n e t i c  f i l m  e l e m e n t s  
w e  b e g a n  t o  e x p e r i e n c e  g r e a t  d i f f i c u l t y  i n  s e c u r i n g  good m a g n e t i c  p r o p -  

e r t i e s  i n  b o t h  e v a p o r a t e d  s p o t s .  The p h y s i c a l  a p p e a r a n c e  of  our t h i n - f i l m  

d e v i c e s  was e x c e l l e n t .  

l o o p  s t r u c t u r e s  seemed v e r y  s a t i s f a c t o r y ,  b u t  t h e  m a g n e t i c  e l e m e n t s  were 

The s i l i c o n  monoxide i n s u l a t i o n  and c o p p e r  c o u p l i n g -  
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v e r y  p o o r ,  A se r ies  o f  e i g h t  c o n s e c u t i v e  two-e l emen t  r e g i s t e r s  was con-  
s t r u c t e d  w i t h  minor  p r o c e d u r a l  v a r i a t i o n s .  O c c a s i o n a l l y  o n e  s p o t  would 

h a v e  f a i r  m a g n e t i c  b e h a v i o r  w h i l e  t h e  o t h e r  s p o t  was u s u a l l y  w o r t h l e s s .  

V a r i a t i o n s  i n  s u b s t r a t e  t e m p e r a t u r e ,  i n s u l a t i o n  t h i c k n e s s ,  m e l t  composi-  
t i o n ,  e v a p o r a t i o n  r a t e  and o u t - g a s s i n g  p r o c e d u r e  were a l l  t r i e d  w i t h o u t  

s i g n i f i c a n t  s u c c e s s .  F i n a l l y ,  when p r o j e c t  t i m e  was e n t i r e l y  e x h a u s t e d  
w e  d i s c o v e r e d  what may b e  t h e  e x p l a n a t i o n  f o r  t h e  e r r a t i c  p r o p e r t i e s  o f  

o u r  m a g n e t i c  f i l m s .  I n  c a r e f u l l y  i n s p e c t i n g  empty a lumina  c r u c i b l e s  t h a t  

had  c o n t a i n e d  p e r m a l l o y  f o r  e v a p o r a t i o n s  w e  n o t i c e d  some s i g n s  o f  e r o s i o n  

of  t h e  a l u m i n a  m a t e r i a l .  T h i s  d e t e r i o r a t i o n  o f  t h e  a lumina  (which  d i d  n o t  

o c c u r  a t  t h e  coppe r  e v a p o r a t o r s )  is  p r o b a b l y  d u e  t o  e l e c t r o l y s i s  o f  t h e  

a l u m i n a  by t h e  r e s i s t a n c e  h e a t e r ,  The e f f e c t  d o e s  n o t  seem t o  o c c u r  when 
r a d i o  f r e q u e n c y  h e a t i n g  of t h e  e v a p o r a t o r  i s  employed.  T h i s  u n s u s p e c t e d  

e f f e c t  v e r y  p r o b a b l y  c o n t a m i n a t e d  o u r  p e r m a l l o y  sample  w i t h  aluminum which 

r e a c h e d  t h e  s u b s t r a t e  i n  unknown p r o p o r t i o n s  b e c a u s e  o f  i t s  low vapor  

p r e s s u r e .  

E l e c t r i c a l  measurements  were per formed on a l l  of t h e s e  r e g i s t e r s  and 

a t t e m p t s  t o  t r a n s f e r  f l u x  by g u i d e d  f a l l - b a c k  were made on s e v e r a l .  When 

one  of  t h e  m a g n e t i c  s p o t s  was c l e a r l y  bad  t h e  r e g i s t e r  was c u t  i n  two so 

t h a t  i n d e p e n d e n t  g u i d e d  f a l l - b a c k  d a t a  c o u l d  be o b t a i n e d  on t h e  b e t t e r  
e l e m e n t  b y  p r o c e d u r e s  e x p l a i n e d  i n  Sec. V-B-1 above.  These measurements  

were i n t e r e s t i n g ,  b u t  d i d  n o t  c o n t r i b u t e  much toward  e s t a b l i s h i n g  f e a s i -  

b i l i t y  o f  t h e  p r o p o s e d  t r a n s f e r  p r o c e s s .  What t h e y  d i d  r e v e a l  was t h a t  

o u r  m a g n e t i c  s p o t s  had  wide ly  v a r y i n g  c o e r c i v e  f i e l d s  ( 5  t o  50 o e r s t e d )  

m o s t l y  h i g h e r  t h a n  10  o e r s t e d ,  

low remanen t  f l u x .  A number o f  d i f f e r e n t  p u l s e  t e s t s  were d e v i s e d  t o  

measu re  t h e s e  magne t i c  e f f e c t s  b u t  t h e  p a r t i c u l a r  measurements  do n o t  seem 

s u f f i c i e n t l y  i m p o r t a n t  t o  r e p o r t  s e p a r a t e l y .  

poor  r o t a t i o n a l  b e h a v i o r ,  and o c c a s i o n a l l y  

The c l o s e s t  approach  t o  a s u c c e s s f u l  f l u x  t r a n s f e r  was a c h i e v e d  w i t h  

T h i s  r e g i s t e r  had two s p o t s  w i t h  q u i t e  s i m i l a r  b e h a v i o r .  r e g i s t e r  No. 6.  

F i lm t h i c k n e s s  was a b o u t  1000;. 

a l t h o u g h  i t  was d i f f i c u l t  t o  measure  b e c a u s e  r o t a t i o n a l  s w i t c h i n g  was 

p o o r ,  a s  can  b e  s e e n  from t h e  t r a n s v e r s e  h y s t e r e s i s  l o o p s  shown i n  F i g .  16.  
The e x p e r i m e n t a l  a p p a r a t u s  i s  a l s o  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F i g ,  16 
t o g e t h e r  w i t h  t h e  p u l s e  r e g i m e  and some o f  t h e  o b s e r v e d  waveforms.  

For b o t h  f i l m s  H ,  was a b o u t  5 o e r s t e d  

Aga in ,  two t y p e s  o f  e x p e r i m e n t  were pe r fo rmed  which g i v e  i n d e p e n d e n t  

i n d i c a t i o n s  of  t h e  e f f e c t i v e n e s s  o f  t h e  g u i d e d  f a l l - b a c k  p r o c e s s .  The 
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i m p o r t a n t  v o l t a g e s  o b s e r v e d  a t  t h e  s e n s e  a m p l i f i e r  a r e  i n d i c a t e d  i n  t h e  

l i n e  d r a w i n g .  O t h e r  s i g n a l s  a p p e a r i n g  on t h e  lower  t r a c e s  o f  t h e  a c -  

companying  p h o t o g r a p h s  i n  F i g .  1 6  a r e  i r r e l e v a n t  n o i s e  s i g n a l s  p roduced  

by d r i v e  and b i a s  p u l s e s .  I n  Experiment  I t h e  t r a n s m i t t e r  B i s  r e p e a t -  
e d l y  d r i v e n  i n  t h e  t r a n s v e r s e  d i r e c t i o n  w h i l e  t h e  b i a s  c u r r e n t  a t  t h e  

r e c e i v e r  A i s  r e l a x e d .  The t r a n s m i t t e r ' s  i n i t i a l  e a s y  a x i s  d i r e c t i o n  i s  

o c c a s i o n a l l y  c h a n g e d ,  however , by r e v e r s i n g  t h e  d i r e c t i o n  of i t s  c l e a r  
p u l s e .  The r e c e i v e r  e l e m e n t  is  n o t  c l e a r e d  a t  any t i m e .  A t  t h e  l e a d i n g  

e d g e  o f  t h e  t r a n s v e r s e  p u l s e  a p p l i e d  t o  t h e  r e c e i v e r  a v o l t a g e  i s  o b s e r v e d  

c o r r e s p o n d i n g  t o  t h e  f l u x  s t e e r e d  by t h e  t r a n s m i t t e r  d u r i n g  t h e  p r e c e d i n g  

s w i t c h i n g  c y c l e .  

Expe r imen t  I1 i s  s i m i l a r  e x c e p t  t h a t  t h e  r e c e i v e r  i s  c l e a r e d  a f t e r  

e a c h  f l u x  t r a n s f e r .  A t  r e c e i v e r  c l e a r  t ime  a v o l t a g e  p u l s e  i s  o b s e r v e d  

a t  t h e  s e n s e  wind ing  c o r r e s p o n d i n g  t o  t h e  r e s i d u a l  unswi t ched  f l u x  compo- 

n e n t  i n  t h e  d i r e c t i o n  o f  t h e  r e c e i v e r  c l e a r  p u l s e .  T h u s ,  i f  f l u x  t r a n s f e r  

were p e r f e c t ,  one  d i r e c t i o n  of r e c e i v e r  c l e a r  would p roduce  no v o l t a g e  

w h i l e  t h e  o t h e r  d i r e c t i o n  would p roduce  a v o l t a g e - t i m e  i n t e g r a l  o f  24. 

The p h o t o g r a p h  l a b e l e d  Exper iment  I a c t u a l l y  i s  a s u p e r p o s i t i o n  ( f o r  

c o n t r a s t )  o f  Expe r imen t  I and Exper iment  I1 f o r  s i m i l a r  c l e a r  d i r e c t i o n s  

a t  t r a n s m i t t e r  and r e c e i v e r .  The s m a l l  p u l s e  i n  t h e  p o s i t i v e  d i r e c t i o n  
a t  t h e  l e f t  hand  s i d e  o f  t h e  s e n s e - t r a c e  i s  t h e  f l u x  s w i t c h e d  a t  t h e  re-  

c e i v e r  by t h e  t r a n s m i t t e r  d u r i n g  d r i v e .  The l a r g e r  p u l s e  a t  t h e  same t i m e ,  

and t h e  s u b s e q u e n t  n e g a t i v e  p u l s e ,  r e p r e s e n t  t h e  same se t  o f  c o n d i t i o n s  

e x c e p t  t h a t  t h e  r e c e i v e r  e l e m e n t  was c l e a r e d .  T h u s ,  t h e  f i r s t  l a r g e  p u l s e  
i s  t h e  r e c e i v e r  f l u x  4 w h i l e  t h e  second n e g a t i v e  p u l s e  i s  t h e  unswi t ched  

r e s i d u a l  f l u x  a f t e r  a t r a n s f e r .  

The  p h o t o g r a p h  l a b e l e d  Exper iment  I1 i s  a l s o  a s u p e r p o s i t i o n  o f  two 

t r a c e s  c o r r e s p o n d i n g  t o  d i f f e r e n t  d i r e c t i o n s  o f  t r a n s m i t t e r  c l e a r  p u l s e  

b u t  s i m i l a r  d i r e c t i o n s  o f  r e c e i v e r  c l e a r  p u l s e .  The s i g n i f i c a n t  waveforms 
a r e  t h e  two c o i n c i d e n t  p u l s e s  o c c u r r i n g  on t h e  r i g h t  hand  end o f  t h e  

s e n s e - t r a c e .  I f  a c o m p l e t e  t r a n s f e r  o f  f l u x  f rom t h e  t r a n s m i t t e r  t o  t h e  

r e c e i v e r  e l e m e n t  had o c c u r r e d ,  one  of t h e s e  p u l s e s  would h a v e  had an a r e a  

of  24-  The o t h e r  s h o u l d  h a v e  been  ze ro .  The d i f f e r e n c e  i n  a r e a  be tween 

t h e s e  two p u l s e s  i s  a measure  of  t h e  amount o f  f l u x  a c t u a l l y  s t e e r e d  by 

t h e  t r a n s m i t t e r  e l e m e n t .  
ment I i n  r e v e a l i n g  t h e  p e r c e n t a g e  of r e c e i v e r  f l u x  a c t u a l l y  s w i t c h e d  

T h i s  measurement i s  more a c c u r a t e  t h a n  E x p e r i -  
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b e c a u s e  n o i s e  and a m p l i f i e r  n o n - l i n e a r i t y  a r e  more n e a r l y  compensa ted .  

I n t e g r a t i o n  of  such  p u l s e s  showed t h a t  under  t h e  b e s t  s w i t c h i n g  r eg ime  

w e  c o u l d  o b t a i n ,  a maximum g u i d e d  f a l l - b a c k  f l u x  t r a n s f e r  o f  28% of  t h e  

r e c e i v e r  f l u x  c o u l d  be  s e c u r e d .  

As e x p e c t e d  from p r e v i o u s  t h e o r e t i c a l  c o n s i d e r a t i o n s ,  t h e  f l u x  
t r a n s f e r  was e x t r e m e l y  s e n s i t i v e  t o  d r i v e  and b i a s  p u l s e  t i m i n g .  Espe-  

c i a l l y  under  f a s t - p u l s e  c o n d i t i o n s  a v a r i a t i o n  of 2 or 3 nanoseconds  i n  

p h a s e  r e l a t i o n s h i p  be tween b i a s  and d r i v e  encompassed t h e  whole a p p a r e n t  

r a n g e  of  s i g n i f i c a n t  r e c e i v e r  s t e e r i n g .  It is  i n t e r e s t i n g  t o  n o t e  t h a t  

t h e  o b s e r v e d  maximum v a l u e  of  s w i t c h e d  f l u x  a t  t h e  r e c e i v e r  (28%) would 

c o r r e s p o n d  t o  an  a n g u l a r  d i s p l a c e m e n t  o f  r e c e i v e r  m a g n e t i z a t i o n  of  16" 
i f  no domain f o r m a t i o n  o c c u r r e d .  A good m a g n e t i c  f i l m  c o u l d  h a v e  r e a c h e d  

t h e  e a s y  a x i s  " u n d e r  i t s  own s t eam"  from t h i s  a n g u l a r  p o s i t i o n .  
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VI SUMMARY AND CONCLUSIONS 

The r e s e a r c h  program j u s t  conc luded  had  t h r e e  p h a s e s  w i t h  s e p a r a t e  

d e g r e e s  o f  s u c c e s s .  

b e h a v i o r  o f  c o u p l e d  m a g n e t i c  e l e m e n t s  and found t h a t  even  under  r e l a t i v e l y  

i d e a l i z e d  c o n d i t i o n s  t h e  g u i d e d  f a l l - b a c k  mode o f  f l u x  t r a n s f e r  would d e -  

pend f o r  s u c c e s s  upon t h e  e v e n t u a l  p r o d u c t i o n  o f  s y s t e m s  w i t h  m a g n e t i c  

e l e m e n t s  h a v i n g  v e r y  good r o t a t i o n a l  b e h a v i o r  and r e l a t i v e l y  low c o e r c i v e  

f i e l d s .  The n e c e s s i t y  f o r  v e r y  a c c u r a t e  t i m i n g  of  c l o c k - p u l s e  s o u r c e s  was 
a l s o  deduced  and s u b s e q u e n t l y  v e r i f i e d  by e x p e r i m e n t .  I t  c o u l d  n o t ,  how- 

e v e r ,  b e  c o n c l u d e d  t h a t  t h e  p roposed  s y s t e m  was i m p r a c t i c a l  b e c a u s e  s i n g l e  
t h i n - m a g n e t i c - f i l m  e l e m e n t s  had p r e v i o u s l y  been  produced  t h a t  seemed t o  

s a t i s f y  ( j u s t  b a r e l y )  t h e  s y s t e m  r e q u i r e m e n t s .  

I n  t h e  t h e o r e t i c a l  p h a s e  w e  examined t h e  e x p e c t e d  

The p h a s e  i n  which w e  d e s i g n e d  and c o n s t r u c t e d  ou r  e v a p o r a t i o n  e q u i p -  

ment consumed somewhat more time t h a n  w e  c o u l d  c o m f o r t a b l y  a f f o r d .  We a r e  

s a t i s f i e d  w i t h  ou r  c h o i c e  o f  f a b r i c a t i o n  p r o c e d u r e s  and  f e e l  t h a t  a u s e f u l  

and f l e x i b l e  p i e c e  o f  a p p a r a t u s  f o r  s u b s e q u e n t  m a g n e t i c - f i l m  i n v e s t i g a t i o n s  

h a s  b e e n  p roduced .  N e v e r t h e l e s s ,  some t e c h n i c a l  p rob lems  d i d  a r i s e  i n  t h e  

u s e  o f  t h i s  e v a p o r a t i o n  sys t em t h a t  were n o t  s a t i s f a c t o r i l y  d i s p o s e d  o f  

b e f o r e  c o n c l u s i o n  of  t h e  p r o j e c t  i n t e r v a l .  I n  p a r t i c u l a r ,  t h e  c o m p l e t e l y  

u n e x p e c t e d  i n a b i l i t y  t o  o b t a i n  c o n s i s t e n t l y  good m a g n e t i c  f i l m s  h u r t  t h e  

program o f  e l e c t r i c a l  e x p e r i m e n t a t i o n  s e v e r e l y ,  

I n  t h e  a r e a  of  e l e c t r i c a l  t e s t i n g  o f  t h i n - f i l m  r e g i s t e r s  w e  were o n l y  

p a r t i a l l y  s u c c e s s f u l .  I t  was d e m o n s t r a t e d  t h a t  t h i n  e v a p o r a t e d  t r a n s m i s s i o n  

l i n e s  o f  t h e  t y p e  used  f o r  c o u p l i n g  l o o p s  behave  a l m o s t  e x a c t l y  a s  e x p e c t e d  

f rom t h e o r e t i c a l  c a l c u l a t i o n s .  Guided f a l l - b a c k  by c u r r e n t s  s e n t  t h r o u g h  

s u c h  s t r u c t u r e s  was r e p e a t e d l y  ach ieved  under  c o n d i t i o n s  t h a t  migh t  h a v e  

b e e n  p roduced  by s w i t c h i n g  a good t r a n s m i t t e r  e l e m e n t .  P a r t i a l  s w i t c h i n g  
of a r e c e i v e r  e l e m e n t  by a t r a n s m i t t e r  e l e m e n t  was a l s o  o b s e r v e d ;  however ,  

t h e  f l u x  t r a n s m i t t e d  ( 2 8  p e r c e n t  o f  t h e  t o t a l  a v a i l a b l e )  was n o t  s u f f i c i e n t  

t o  s a t i s f y  f l u x  g a i n  r e q u i r e m e n t s .  Reasons  f o r  t h e  f a i l u r e  c a n  b e  i d e n -  

t i f i e d  w i t h  t h e  poor  r o t a t i o n a l  b e h a v i o r  of  t h e  m a g n e t i c  f i l m s  w e  were a b l e  

t o  p r o d u c e .  Our  t e n t a t i v e  e x p l a n a t i o n  o f  t h i s  f a c t  i s  t h a t  t h e  p e r m a l l o y  

s o u r c e  was o c c a s i o n a l l y  c o n t a m i n a t e d  w i t h  aluminum r e d u c e d  f rom t h e  c r u -  

c i b l e s  employed. 
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A p a r t i a l l y  i n t u i t i v e  c o n c l u s i o n  based  on e x p e r i e n c e  g a i n e d  

d u r i n g  t h i s  p r o j e c t  i s  a s  f o l l o w s :  

v i s u a l i z e d  Could ,  w i t h  c o n s i d e r a b l e  a d d i t i o n a l  e f f o r t ,  p r o b a b l y  b e  made 

t o  o p e r a t e .  The p o t e n t i a l i t i e s  o f  t h i s  method a s  a p r a c t i c a l  h i g h - s p e e d  

l o g i c  s y s t e m ,  however ,  now a p p e a r  r a t h e r  dim. The d i f f i c u l t y  o f  o b t a i n i n g  

a s i m p l e  p o s i t i v e  t r a n s f e r  o f  i n f o r m a t i o n  f rom one  e l e m e n t  t o  a n o t h e r  

would b e  c o n s i d e r a b l y  a g g r a v a t e d  by t h e  n e c e s s i t y  t o  f a n - o u t  t o  a m u l t i -  

p l i c i t y  of r e c e i v e r  e l e m e n t s ,  

t h a t  t h i s  is q u i t e  d i f f i c u l t ,  and e x p e r i m e n t a l  r e s u l t s  s u p p o r t  t h i s  con-  
c l u s i o n .  

l o g i c  s y s t e m s  i t  would seem t h a t  t h i s  method o f  u t i l i z i n g  t h i n - m a g n e t i c -  

f i l m  p r o p e r t i e s  may n o t  s u r v i v e .  

Thin f i l m  r e g i s t e r s  o f  t h e  t y p e  w e  

I t  c a n  b e  shown on p u r e l y  t h e o r e t i c a l  g round  

I n  t h e  f a c e  of  c o m p e t i t i o n  from a number o f  o t h e r  h i g h - s p e e d  
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